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Anodie Behavior of Aluminum and Its Alloy 
in Sulfuric Acid Electrolytes’ 


taLPH B. Mason AND Puy.uis E. Fow ie 
Aluminum Research Laboratories, New Kensington, Pennsylvania 


ABSTRACT 


This paper deals with the main factors affecting the rate of solution of anodic oxide 
coatings on aluminum as they are being formed in sulfuric acid electrolytes. Condi- 


tions favoring high coating ratios or thick, hard abrasion-resistant coatings have been 
investigated. Low temperatures, high current densities, which permit a shorter time 
of immersien in the electrolyte, and the addition of substances such as oxalic acid to 


the electrolyte, favor the formation of such coatings. This has been mainly an investi- 


coatings. 


INTRODUCTION 




















The physical characteristics of the thick commer- 
al anodic coatings on aluminum are markedly 
fiected by the rate at which the coatings dissolve 
uring formation. Some of the factors affecting the 
ficiency of anodic coating formation in sulfuric 
cid electrolytes have been discussed in several 
apers (1-3). The present paper extends previous 
ork (3) to include conditions favoring higher 
ating efficiencies which result in improved physical 
roperties. 

It has been shown (4) that a high purity aluminum 
9.95%) anode in a coulometer reacts electro- 
emically in a sulfuric acid electrolyte with an 
ficiency of 100% even though the operating condi- 
jons are varied over a wide range. On the other 
and, the anodic oxide coating is slowly attacked by 
he sulfuric acid electrolyte and the efficiency of 
outing formation decreases as those factors which 
ivor chemical solution of the coating predominate. 
‘here is always competition between the rate of 
rmation and the rate of solution of the coating 
nd, if the coating is not formed rapidly enough, 
ttle or no oxide coating remains on the surface 
nder unfavorable conditions. 

\s a measure of the efficiency of oxide coating 
rmation, some investigators (1, 2, 5) used the 
mtio of the weight of coating to the theoretical 
eight of aluminum oxide that should be formed 
rom the weight of aluminum reacting. In the case 
| oxide coatings formed in sulfuric acid electrolytes, 

ever, the coating ratio or the weight of coating 

ded by the weight of aluminum reacting ap- 
cars to be a more practical figure to use for the 
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gation of the competition between the rate of formation and the rate of solution of the 


evaluation of the efficiency of coating formation (6), 
since coatings formed in sulfuric acid electrolytes 
are known to contain an appreciable percentage of 
sulfate (7-9). Oxide coatings formed on 99.95% 
aluminum in a 15% (by weight) sulfuric acid elec- 
trolyte under certain standard conditions of opera- 
tion contain about 12-14% SO, (calculated from the 
sulfate determination), some water, and the re- 
mainder alumina. In addition, oxide coatings formed 
on aluminum alloys may contain other substances 
derived from the alloying elements. 

It has been demonstrated, within certain limits, 
that the coating ratio (weight of coating divided 
by the weight of aluminum reacting) is increased 
by decreasing the concentration of the electrolyte or 
the temperature, or by increasing the current density 
(3). These factors have an appreciable effect on the 
amount of coating dissolved by the electrolyte during 
formation. Lowering the temperature of the elec- 
trolyte is especially effective in reducing the solution 
of the anodic oxide coating during formation (3, 
10, 11). Thus, by changing the conditions of treat- 
ment so as to decrease the rate of solution of the 
oxide coating, the coating ratio is increased. If all 
the aluminum reacting were converted to aluminum 
oxide and none of the oxide were dissolved by the 
electrolyte, the coating ratio would be 1.89 (6). 
When the coating contains 14% SOs, the theoretical 
coating ratio would be about 2.2. Because of the 
solvent action of the sulfuric acid electrolyte on 
the coating, however, a coating ratio of 2.2 has not 
been observed as yet. In these experiments, it is 
shown that, by selecting suitable conditions for 
forming the coating, it is possible to approach, but 
not actually reach, a coating ratio of 2.2. 

While it is possible to reduce the rate of attack of 
the oxide coating during treatment by lowering the 
concentration of the electrolyte, it is not always 
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practical to do so, especially at lower operating 
temperatures. In the present experiments, the elec- 
trolytes which were used contained from 12% to 
25% (by weight) sulfuric acid; the one used in the 
majority of cases contained 15% (by weight) of 
sulfuric acid. 


PROCEDURE 


Specimens of 0.064-in. (1.63 mm) aluminum sheet 
were cut to size, cleaned, weighed, and anodically 
treated in 12-15% (by weight) sulfuric acid elec- 
trolyte for 10, 20, and 30 min, or other convenient 
times, at temperatures of 34°, 50°, 60°, and 70°F 
(1.1°, 10.0°, 15.6°, and 21.1°C). After washing and 
drying, the specimens were weighed. The coatings 
were then stripped in a phosphoric-chromic acid 
solution, according to a suggestion of Mason (12), 
and they were washed, dried, and weighed again. 
From these measurements, the weight of aluminum 
reacting and the weight of the coating was calculated. 

The specimen dimensions were so chosen that, 
with | amp of current flowing, the desired current 
density could be obtained. For example, the area 
of the surface for the specimen used at 12 amp/ ft? 
(1.3 amp/dm?) was 12 in. (77.4 em*), for the speci- 
men used at 48 amp/ft® (5.2 amp/dm’) the area 
was 3 in.* (19.4 cm*). In all cases, the area of the 
cut edges of the specimens was included in the total 
area. 

The specimens were suspended in the electrolyte 
by means of a tantalum clip between two pure lead 
cathodes. Suitable agitation of the electrolyte was 
obtained by means of an electrically driven glass 
stirrer. When a high current density is used, a 
higher voltage is necessary, and this results in 
considerable heat which must be removed rapidly 
in order to minimize attack of the coating or burning. 
The electrolyte for the experiments at all but the 
lowest temperature was held in a rectangular Lucite 
tank 4 in. x 8 in. x 8 in. (10.2, 20.3, and 20.3 em), 
and was cooled by passing ice water through a lead 
coil immersed in one end of the tank. A sensitive 
mercury thermoregulator in conjunction with a 
delayed-action vacuum tube relay was used to con- 
trol the centrifugal type pump which circulated the 
ice water. It was possible to hold the temperature 
of the electrolyte constant to about 0.1°F (0.06°C). 

For the experiments at 34°F (1.1°C), a rectangu- 
lar lead tank holding about 9 liters of electrolyte 
was placed within a larger iron tank and surrounded 
with cracked ice. An electrically driven glass stirrer 
was used for agitation. Since the maximum current 
used was only 1 amp and the volume of the elec- 
trolyte was relatively large, it was possible to hold 
the temperature of the electrolyte constant. 






EXPERIMENTAL WorRK 


All results obtained in the experiments on co iting 
ratios are shown in graphical form. Coating ratig 
have been plotted against the weight of meta! jp. 
moved by electrochemical action or the approximay 
time of treatment. 

High purity aluminum (99.95%) was anodical) 
treated in a 15% sulfuric acid electrolyte at 70°} 
(21.1°C) using various current densities and tiny 
of treatment. The family of curves in Fig. 1 show, 
the effect on the coating ratio of varying the currey 
density from 6 to 72 amp/ft® (0.65 to 7.8 amp. dm 
for coating periods up to about 40 min. As the tin, 
of treatment increases, the coating ratio decrease 
This indicates that for a given current density then 
is more chemical solution of the coating as the thick. 
ness or time of treatment increases. This solutio 
takes place on the outer surface and on the pon 
walls. All the curves at 70°F (21.1°C) have about thy 
same slope. As the current density is increase 
beyond 12 amp, ft® (1.3 amp/dm*), it is more difficu) 
to obtain consistent coating ratio values, and it 
usually necessary to make several check determin: 
tions. 


Effect of Lowering Temperature 


When the temperature of the sulfuric acid elec. 
trolyte is reduced to 50°F (10°C), the rate of solutio 
of the coating is decreased (see Fig. 2). The slop 
of the curves for 6, 12, and 24 amp/ft® (0.65, 1. 
and 2.6 amp/dm?’) is less steep than at 70°F (21.1°C 
indicating less over-all solution of the coating 
The curves for 36 and 48 amp/ft? (3.9 and 52 
amp/dm?*) are approximately parallel to the | 
axis and show that, under these conditions, there is 
no decrease in the coating ratio with increasing times 
of treatment. However, at 72 amp/ ft? (7.8 amp dm 
the coating ratio increases with time of treatmen! 
This higher coating ratio may be explained by 
continued decrease in the rate of solution of th 
coating at the bottom or base of the pores becaus 
of a build up of solution products within the por 
channels. This effect becomes more pronounced x: 
the length of the pore or the path of travel for th 
dissolved aluminum increases. 

Coating ratio curves for 99.95% aluminum 
anodically treated in 15% sulfuric acid at 341 
(1.1°C) are shown in Fig. 3. At this low temperature. 
even the coating ratio curve for 6 amp/ft? (0.0 
amp/dm’*) is very nearly parallel to the X axis, 
indicating no substantial increase in rate of solution 
of coating with time of treatment. The curve fo! 
48 amp/ft® (5.2 amp/dm?’) starts to turn up a! 3 
min. At 72 amp/ft? (7.8 amp/dm*) the coating ratio 
rises rapidly to a value of 1.90 at 43 min. 
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minimum chemical attack of the coating already 
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1e coating ratios at one minute 
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3. Effect of current density on coating ratio for 


99.95 aluminum treated anodically in 15% H.SO, at 34°F 


(3 .2°C). 
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Fic. 4. Effect of current density on coating ratio at 1 min 
for 99.95 aluminum treated anodically in 15% H.SO,. 


Judging from these curves, increasing the current 
density from 36 to 72 amp/ft® (3.9 to 7.8 amp /dm*) 
at 70°F (21.1°C) would have slightly less effect on 


increasing the coating ratio than lowering the tem- 


perature 20°F (11°C), while increasing the current 
density from 12 to 24 amp /ft® (1.3 to 2.6 amp, dm?) 
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Fig. 5. Effect of current density and temperature on the 
coating ratio. 


at 50°F (10°C) would have slightly more effect on 
increasing the coating ratio than decreasing the 
temperature about 16°F (9°C). 

The family of curves of Fig. 4 indicates that, 
depending on high current densities and low tem- 
peratures alone, it is exceedingly difficult to obtain 
a coating ratio greater than about 1.80. In order to 
take advantage of the rapid increase in coating ratio 
values with time or thickness of coating when formed 
at low temperatures and high current densities, the 
coating ratios for 30 or 40 min coatings taken from 
Fig. 1, 2, and 3 are plotted against ampere minutes 
per square inch (or equivalent current densities) 
in Fig. 5. The total time that each specimen re- 
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Fic. 6. Effeet of current density on coating ratio for 
28-H18 alloy treated anodically in 15% H.SO, at 50°F 


(10°C). 



























February, 19; 


mained in the electrolyte was approximately {)j) 
same, so the amount of oxide dissolved per s:juayll 
inch from the outer surface should be abou: {th 
same. As the ampere minutes per square inch ayj 
increased beyond 5, the curves appear to be straigly 
lines which, if extended far enough, would give tly 
postulated theoretical coating ratio at some currey 
density higher than 144 amp/ft®? (15.6 amp, dif 
or 30 amp min/in2 (4.65 amp min/em*). Because » 
experimental difficulties, no coating ratio highe# 
than 1.90 was obtained at this time. This is perhay 
about the highest value that can be obtained ol 
perimentally, since the solution of the outer surfae# 
cannot be prevented entirely and the pores whirl 





are necessary for continued growth are equivaley! 
in volume to the oxide coating which has been dis 7 
solved. = 

In Fig. 5, the curves for 99.95% aluminum , 
34°F (1.1°C) and 50°F (10°C) are parallel and iy.f 
dicate that the oxide surface dissolved more rapid\y 7 
at 50°F (10°C) than at 34°F (1.1°C). The rate 
solution of the oxide coating decreased as the co 


er soars 


centration of dissolved aluminum in the pores | 
creased with current density. ha 


Behavior of Aluminum Alloys 


The coating ratio curves for the common alum 
num alloys differ somewhat from those for high 7 
purity metal. Coating ratio curves for 2S-H\)7 
anodically treated in 15% sulfuric acid at 50! 
(10°C) are shown in Fig. 6. The curve for 24 amp !| 
2.6 amp/dm?*) is parallel to the X axis. Several i 
the curves for the higher current densities tun! 
upward, indicating a decrease in the rate of soluti 
of the coating at the bottom or base of the pores § 














This effect takes place at a lower current densi! 
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28 than with high purity metal (see Fig. 2). 
» casing the acid concentration from 15 to 25% 
+ 0°F (10°C) has only a slight effect on the coating 
curves. Although the values are slightly lower 
» 25% sulfuric acid for normal current densities, 
nereasing the concentration of the acid by 10% has 
.« effect than raising the temperature 10° or 20°F 
5.5° or 11°C). 

Referring again to Fig. 5, where the 30-min 
‘outings on 28 have also been plotted, it will be 
oted that the curve for 2S is steeper than the 
orresponding curve for 99.95% aluminum. Either 
he pore walls of the coating on 2S are less soluble 
han the pore walls of the pure aluminum (99.95 % ) 
weause of the impurities, or the pores are fewer 
» number because of a higher voltage across the 
vimary or barrier layer (13). At current densities 
rreater than 48 amp/ft® (5.2 amp/dm‘*), the solvent 
ction of 25% sulfuric acid on the pore walls ap- 
ears to be less than 15% sulfuric acid. 

Since the rapid increase in coating ratio values 
vith time is always accompanied by an abnormal 
nerease in voltage, an investigation of the higher 
‘oating ratio values is mainly of theoretical interest. 
lo produce hard abrasion-resistant coatings in the 
ulfurie acid electrolyte, conditions should be chosen 
hat will give a coating ratio curve parallel to the 
axis (or time of coating). 

Although coating ratio curves for 528-H34, 618- 
Ij, and 75S-T6 were determined, only the values 
or GIS-T6 have been plotted in Fig. 7. The curves 
or 528 and 61S are very similar to those for 28 
Fig: 6), but have somewhat lower coating ratio 
alues at the lower current densities, as might be 
xpected. In the case of 618-T6, the curves for 48 
ind 72 amp/ft® (5.2 and 7.8 amp/dm*) turn up more 
apidly than the corresponding 28 and 52S curves, 
ind actually higher coating ratio values are obtained 
it 20 or 30 min. 
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Fic. 9. Effect of addition of oxalic acid to 12% H.SO, 
electrolyte at 70°F (21.1°C) on coating ratio of 2S-HIS8. 
Average results have been plotted for the various additions 
of oxalic acid. 


No values have been shown for the 75S-T6 alloy 
at 50°F (10°C) since the coatings appear to be 
appreciably more soluble than those on the other 
two alloys. The slope of the curve for 36 amp/ft® 
(3.9 amp,‘dm?) is still noticeably steep. 

In Fig. 8 are shown a few coating ratio curves for 
some of the alloys anodically coated in 15 % sulfurie 
acid at 34°F (1.1°C). A single current density of 24 
amp, ft? (2.6 amp/dm?*) was used for this particular 
test. The curves are very similar for 99.95% Al, 
28-H18, and 61S-T6. 


tendency to turn upward at 30 min, indicating a 


The curve for 2S shows a 
slight decrease in the rate of solution of the coating. 
The curve for 75S8-T6 is less steep than the cor- 


responding one at 50°F (10°C). The curve for 248- 
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Fic. 10. Effect of decreased concentration and addition 
of oxalic acid to a sulfuric acid bath at 70°F (21.1°C) on 
coating ratio of 2S-HIS8. 
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T3 is noticeably steep, indicating substantial solu- 
tion of the coating in the electrolyte as the time of 
treatment increases. It is very difficult to treat 
248-T3 anodically for 30 min at a current density of 
24 amp/ft® (2.6 amp/dm*) and obtain a uniform 
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Fic. 11. Effect of current density on coating ratio for 
28-H1I8 alloy treated anodically in 12% H.SO, + 1% 
(COOH). at 50°F (10°C). 
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Fic. 12. Effect of current density on coating ratio 758-T6 
alloy treated anodically in 12% H.SO, + 1% (COOH), at 
5OPF (10°C), 
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coating. Several 30-min samples were disc inj 
because of burning. 












Addition of Oxalic Acid 





One of the most effective addition agents knowh 
for decreasing the solubility of the anodic oxi) 
coating in sulfuric acid is oxalic acid. The coatiyy 
ratio curves for 2S-H18 in 12% sulfuric at 70’ 
(21.1°C) plus small amounts of oxalic acid , 
shown in Fig. 9. It is apparent that small amouy) 
of oxalic acid are effective in reducing the rate \/ 
solution of the coating as the time of treatm 
increases. The smallest addition (0.5%) appeamw! 
to be as effective as the addition of 3.0%, and ay 
age values have been plotted. Because of the (7 









composition of oxalic acid in use, it is more practi 
to use 1 or 2% as the addition agent. 

Coating ratio curves for 2S-H18 in 12% sulfw 
acid, 15% sulfuric acid, and 12% sulfuric acid p 
2% oxalic acid are compared in Fig. 10. The diffe?) 
ences between 12 and 15% sulfuric acid are |e!) 





eee 





pronounced as the current density is increased 
36 amp/ft® (3.9 amp/dm*). The curve for 12% s 
furie acid plus 2% oxalic acid at 36 amp ft? 3 
amp/dm*) is parallel to the X axis even though ‘| 
temperature is 70°F (21.1°C). 

Coating ratio curves for 28S-H1I8 and 75s- 
anodically coated in 12% sulfuric acid plus 1 
oxalic acid at 50°F (10°C) have been plotted in Fy 
11 and 12. Here the effect of the oxalic acid addit 










is about as pronounced as at 60° or 70°F (15.6 





21.1°C). The presence of 1% oxalic acid in |: 





sulfuric acid is especially effective in reducing |! 





solubility of the oxide coating in the case of |! 
75S8-T6 alloy. It is possible that the addition 





oxalic acid to the sulfuric acid electrolyte decreas 





the solution of the pore walls, resulting in a small: 7 


total pore volume than would be obtained norma 





For practical use, the sulfuric-oxalic acide) 
trolyte at 50°F (10°C) is as good as the plain 1) 
sulfuric acid at 34°F (1.1°C). A higher operat: 
temperature is permitted since the oxalic « 





decreases the rate of solution of the pore walls 





slightly longer time of treatment would be requir 
to obtain the same weight of coating at the high: 
temperature because of the somewhat greater coat! a 
ratios obtained at 34°F (1.1°C). | 













SUMMARY 





Coating ratios have been determined for alum:nu! 





and its common wrought alloys in sulfuric a 





under various operating conditions. The rate 





solution of the oxide coating from the pore wa 





and the outer surface is a determining factor for t! 





value of the coating ratio. The highest coating '! 
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are found where the conditions of coating 
ijusted to give the minimum rate of solution 
coating. 

Lora coating containing 14% SOs, the postulated 
oretical coating ratio would be 2.20 and not 
0 (ALO; only) when the efficiency is 100%. 
i possible to approach, but never reach, the 
woretical value because the volume of the coating 
sented by the pores has been dissolved as well 
some of the outer surfaces. 

When high current densities and low temperatures 
fe employed to produce thick oxide coatings, it 
ppears that the rapid formation of solution products 

) the pores causes a decrease in the rate of solution 
{ the oxide coating, which in turn produces higher 


ting ratio values. 


(ny diseussion of this paper will appear in a Discussion 
ction to be published in the December 1954 issue of the 
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The Mechanism of the Anodic Formation of Lead i sedais tal 


Cart WAGNER 


Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 


ABSTRACT 






This paper deals with the interplay of diffusion and convection processes govern- 
ing the anodic formation of lead chromate during the electrolysis of a solution of sodium 
chromate and sodium chlorate between lead electrodes. At sufficiently high current 
densities, the boundary layer contains excess lead ions and flows downward in virtue 
of its higher density. Lead chromate is formed, in part, at a distance of 0.01 to 0.1 em 
from the anode by counterdiffusion of lead ions and chromate ions and, in part, at the 
lower edge of the anode by mixing of boundary layer and bulk solution. 


INTRODUCTION 


The electrolysis of a dilute solution of sodium 
chromate between lead electrodes leads to the forma- 
tion of a thin adherent layer of lead chromate and 
lead dioxide at the anode, and subsequently oxygen 
is evolved. On the other hand, according to a patent 
by Luckow (1) and a fundamental investigation by 
Le Blane and Bindschedler (2), the electrolysis of a 
solution containing a mixture of sodium chromate 
and sodium chlorate yields a precipitate of lead 
chromate appearing at some distance from the sur- 
face of the anode and falling down to the bottom of 
the trough, provided that the excess of sodium 
chlorate is sufficient and the current density is ap- 
propriately chosen. Thus, lead chromate is formed 
with a current efficiency close to 100% without 
passivation of the anode. This process is of industrial 
importance, since the crystals of lead chromate pro- 
duced in this way have a well-defined size, which is 
appropriate for use of the product as a pigment. 
The same principle may be employed for the pro- 
duction of other nearly insoluble lead salts such as 
lead sulfate and basic lead carbonate, as has been 
shown by Luckow (1), Isenburg (3), and others. 

The striking difference between the electrolysis 
of a solution containing only sodium chromate and 
the electrolysis of a solution containing a mixture 
of sodium chromate and sodium chlorate has been 
explained by Le Blanc and Bindschedler (2) in the 
following manner. In a solution of sodium chromate 
there are only chromate ions as anions, and thus a 
noticeable concentration of lead ions can nowhere 
be expected in view of the extremely low solubility 
of lead chromate. Consequently, formation of lead 
chromate can take place only at the surface of the 
anode and, thereby, the anode is passivated after 
some time. In a solution containing a mixture of 
sodium chromate and sodium chlorate, however, a 
thin layer of the solution near the anode may con- 
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tain lead, sodium, and chlorate ions, but practical 
no chromate ions. When lead ions migrating aw; 


from the anode encounter chromate ions migratiy 
from the bulk solution toward the anode, a preci 


tate of lead chromate is formed. The local depleti 


~~ a 
>t. 


= Rare: Ve 


of chromate ions in the vicinity of the anode is dy 


to the fact that in a mixture of sodium chroma” 


and sodium chlorate only a small portion of {/ 
electrical current is carried by chromate ions, 
the larger portion of chromate ions required for ‘| 
formation of lead chromate approaches the anode | 
diffusion rather than by electrolytic migration. Th 
prevalence of lead ions in the solution near the ano 
been with the 
measurements by Just (4). 

It remains open to question why the chroma! 


has ascertained aid of potent 


ions reach the vicinity of the anode but not 
surface. To find a solution of this paradox, one ha 
to take into account not only diffusion process: 
but also convection caused by local concentrati 
and density differences according to Levich | 
Agar (6), Wagner (7), Keulegan (8), and Wilk 
Tobias, and Eisenberg (9). 

At the beginning of the electrolysis of a solution 


$4 tas Oe 


sodium chromate and sodium chlorate, chromate) 


ions are, of course, present at the surface of th) 


anode and, therefore, initially lead chromate at th 


surface of the anode is formed under all condition § 


The following events, however, depend on the curre! 
density applied and the concentration of chromat 


STRUCTURE OF THE BounpArRY LAYER IF \) 
ADHERENT LAYER OF LEAD CHROMATE 
Is FormMEeD 


When, for a given concentration of chromate, t!i 
current density is relatively low, depletion 
chromate at the anode will not be complete, for thr 
depleted solution has a lower density and, (hu 
flows upward. Since the effective thickness and th 
average flow velocity of the boundary layer increas 
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Fig. 1. Concentration distribution in the boundary layer 
when an adherent layer of lead chromate is formed. 


in the flow direction (7), fresh solution flows toward 
the electrode and supplies chromate ions. Thus 
lead chromate is formed at the surface of the anode 
until the anode is passivated by too thick a layer of 
lead chromate. Conditions in the boundary layer 
are shown schematically in Fig. 1. 

If a lead electrode in a solution of sodium chro- 
mate with an excess of sodium chlorate is kept at a 
potential at which all chromate ions approaching 
the electrode react with lead but practically no 
Pb** ions leave the electrode, the thickness of the 
boundary layer and the value of the limiting current 
density may be calculated from equations derived 
in a previous paper (7). The concentration of chro- 
mate ions, ¢;, as a function of the distance from the 
electrode, y, from the electrode may be approxima- 
ted by the relation 


q = Cio l — (1 = Ss 5)*] (1) 


where ¢)) is the concentration of chromate ions in 
the bulk solution and 6 is a parameter of the dimen- 
sion of length as a measure of the thickness of the 
boundary layer. Since the mobilities of the other ions, 


pNat and ClOG, do not differ considerably from the 


mobility of the chromate ions, the parameter 6 may 
be used for the representation of the concentration 
distribution of all ions and likewise for the velocity 
profile. Then 6 (em) is found to be 


120D, vx ‘ 
8 = dele (II) 
0 In p 0 ln p ) 
Jeo ts ee: : 
WxasCrO, a NaClO; 


where is the diffusion coefficient of 


D, (em*/sec) 
chromate ions, » (em?/sec) is the kinematic viscosity 
ol the solution, x (em) is the distance from the lower 
of the electrode, g = 981 cm/sec? is the gravita- 
‘| acceleration, p (g/em*) is the density of the 
‘ion, and the concentrations in mole/cm® are 
nated by ¢ with the respective subscripts. 


OF LEAD CHROMATE 61 


The average current density (J/A)q” for an elec- 


trode of height H is obtained as 


(4) wi 16FD, ci) 
A/u 3 


| 9Ci0) ( dnp _ ee] 
120D,; vH Ix .Cr0, 0c 


NaClO3 


(IIT) 





At 25°C the following numerical values hold: 
D, = 1.1-10~-* em?*/see corresponding to a mobility 
of chromate ions of 0.88-10-* (em/sec)/(volt/em); 
0.90-10-? cm?*/sec; dlnp/dcxs.cro, = 140 
(mole/em*); dlnp/dexscio, = 70 (mole/em*)-! 
(10); F = 96,500 coulomb/equivalent. Le Blanc 
and Bindschedler (2) investigated a solution con- 
taining 12 grams NaClQO;/liter and 3.0 grams 
NaeCrO,/liter corresponding to ei) = 1.9 «K 10-5 
mole NasCrO,/em*. For this solution equation 
(11) gives a value of 6 = 0.1 cm at a distance of x = 
10 cm from the upper edge of the electrode, and 
equation (III) gives an average current density of 
1.15 X 10-* amp/cm’ for an electrode of 10 cm height. 


Vv = 


STRUCTURE OF THE BouNDARY LAYER WHEN LEAD 
CHROMATE Is FORMED WITHIN THE BOUNDARY 
LAYER 


The current density of 0.006 amp; cm? applied in 
most runs reported by Le Blane and Bindschedler 
(2) exceeds the limiting current density for forma- 
tion of PbCrQO, at the surface of the anode. At higher 
current densities and under steady-state conditions, 
lead ions enter the solution near the anode and 
migrate across the boundary layer up to a certain 
distance 6, where they encounter chromate ions and 
form a precipitate of PbCrO, as is shown schemati- 
cally in Fig. 2. Since the solution near the anode is 
rich in lead chlorate, its density is higher than that 
of the bulk solution. The solution near the surface 
of the anode will, therefore, flow downward. The 


CONCENTRATION 
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Fig. 2. Concentration distribution in the boundary layer 
when lead chromate is formed within the boundary layer. 
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thickness and the average flow velocity of the bound- 
ary layer increase with increasing distance from the 
upper edge of the anode. Accordingly, bulk solution 
flows into the boundary layer. Thereby chromate 
ions are transported toward the anode at a rate 
beyond that accounted for by electrolytic migration 
and diffusion. The amount of chromate ions entering 
the boundary layer, however, cannot be equivalent 
to the amount of lead ions formed at the anode, for 
the mechanism suggested in this paper presupposes a 
definite thickness and a definite flow velocity of the 
boundary layer involving excess lead ions at the 
lower edge of the anode. Consequently, lead chro- 
mate is formed not only at some distance 6, in front 
of the anode, but also in a mixing zone of lead-rich 
boundary layer and bulk solution below the lower 
edge of the anode. In this respect, the present 
analysis differs from that given by Le Blane and 
Bindschedler (2). 


EXPERIMENTAL 


A lead foil coated with lacquer on one side was 
tilted by 15° vs. the vertical direction, the free 
surtace facing downward. The electrolyte contained 
12 grams NaClO; and 3 grams NagCrO, per liter. 
In accordance with Le Blane and Bindschedler 
(2), a current density of 0.006 amp sec was applied. 
The precipitate of PbCrO, formed within the bound- 
ary layer settled downward, and separated from the 
tilted electrode. In addition, fringes of precipitated 
lead chromate were observed at the lower edge of 
the electrode. This confirms the conclusion that a 
sizable amount of lead chromate is formed at the 
lower edge of the electrode by virtue of mixing of 
the lead-rich boundary layer with bulk solution. 


CONCLUDING REMARKS 


Approximate calculations indicate’ that the 


amount of lead chromate formed in the mixing zone 
at the lower edge of the anode is a substantial 
fraction of the total amount of lead chromate. Cal- 
culations are omitted in this paper since the effect 
of PbCrO, moving downward has been disregarded 




















¥ 


and an estimate of this neglect is not possible Fy) 
this reason, only a qualitative discussion of the inte. 
play between diffusion and convection is given. | 

A somewhat different situation is encounters] 
when the electrolyte is stirred, and thereby th 
effective thickness of the diffusion boundary laye 
is determined. This case has been considered by 
Aten (11) with special reference to the anodic form. 
tion of silver halide at a silver electrode for the ele 





troanalytic determination of halogen. In this cas 
silver halide has to be formed virtually only at th® 


oct 


surface of the anode. Thus, the current density muy 

not exceed the limiting value for exclusive formatio, J 
of silver halide at the anode. The limiting curren 7 
density is proportional to the concentration of halid 

in the bulk solution and, therefore, tends to zen® 
when the electrodeposition of halogen is close «7 
completion. An appropriate value of the currey 4 
density at any time may be obtained by confiniy® 
the electrode potential to such a value that th 7 
concentrations of both silver and halide ions at th 





anode are sufficiently low and accordingly the mign 





tion of silver ions into the boundary layer is neg 





gible. 





Any discussion of this paper will appear in a Discussi 





Section to be published in the December 1954 issue of t 
JOURNAL. 
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Extractive Metallurgy of Zirconium by the 
Electrolysis of Fused Salts 


Il. Process Development of the Electrolytic Production of Zirconium 


from K.ZrF;' 


M. A. Srernperc, M. E. Srpert, AND E. WAINER 


Horizons Incorporated, Cleveland, Ohio 


ABSTRACT 


An intensive investigation of the electrolysis of K.ZrF,¢ in an electrolyte of NaCl 
has been carried out to determine the optimum conditions for the production of zir- 


conium metal by fused salt electrolysis. 


Cell designs and conditions of operation evolved are described, yielding a high purity 
zirconium powder which is ductile on consolidation. This metal can be fabricated with 


ease, and is comparable to Kroll zirconium sponge. Because of the stability of the raw 


materials, their ease in preparation and in electrolysis, coupled with lower cost equip- 
ment, it is felt that this process will yield a much lower cost zirconium metal. 


INTRODUCTION 


The historical and theoretical aspects of the 
louble fluoride process for production of zirconium 
1etal have been discussed in previous papers (1, 
’). The basic concept of the process entails the elec- 
trolysis of a fused alkali halide-potassium zirconium 
fluoride mixture under a purified argon atmosphere. 
In this paper, a detailed operational procedure is 


aviven for the electrowinning of zirconium metal, 


including treatment of the raw materials, construc- 
tion and operation of the electrolytic cell under an 
inert atmosphere, electrolytic procedures and 
conditions of current and voltage, and recovery of 
the metal from the deposits obtained. 

\ complete description of the effects produced by 
variables is given. 


variations in the operating 


Temperature, current density, voltage, and cell 
atmosphere are all significant variables in this 
operation. Purity of raw materials and concentra- 
tion effects are of equal or greater importance. 
Metal produced by this process has been thor- 
oughly evaluated by chemical analysis and physical 
metallurgical techniques. A summation of this data 
and methods employed are included in this discus- 


SION. 


EQUIPMENT AND CELL DESIGN 


\ll electrolytic work done toward development. of 
the fluoride process was done in cells of the type 
shown in Fig. 1, as compared to the work done in 
the small cells previously used. The design illustrated 


\ ° . - we ry’ ° ° 
anuseript received June 15, 1953. This paper is based 


portion of the work carried out by Horizons Incor- 
| ted for the New York Operations Office of the Atomic 
Commission under Contract No. AT(30-1)-1144. 
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takes a charge of 5 lb. Two modifications of the cell 
are used, but these differ only in details, and not 
in capacity or operation. 

The process has been successfully adapted to cells 
of 30- and 250-lb capacity. A subsequent paper will 
deal with larger scale operation in detail. 

The cell design is essentially a steel shell with all- 
graphite interior parts. Heating is accomplished by 
an a-c heated carbon resistance element. This ele- 
ment is supported by its leads inside of a graphite 
shell separated from the steel casing by lampblack 
insulation. Silica and firebrick have been alterna- 
tively employed as insulation. The crucible is seated 
on a graphite pedestal inside the heating element. 
An inner graphite liner separating the crucible from 
the element and serving as a safety measure in case 
of crucible leakage has previously been used with 
this cell, but is not shown in this design. 

Water-cooled 
are used. The crucible serves as the cell anode and 


copper-to-graphite element leads 
the positive d-c connection is made directly to the 
cell casing. 

The head is basically a graphite dish packed with 
insulation and fitted with a water-cooled steel top. 
The cathode and thermocouple are inserted through 
this head. A steel bumped head with a gasketed 
flange is also provided to cover the whole upper 
assembly for evacuation of the cell. 

Cells of this type are operated almost indefinitely 
with no corrosion of inner graphite parts if the cell 
interior is kept dry and free of atmospheric con- 
tamination. Crucibles are replaced after four to 
six runs due to salt leakage problems with com- 
mercial CS graphite. 

Also, this cell can be utilized with a water-cooled 
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electrolytic cell. 








“o——7 ae Fig. 3. External view of cells showing hood system an 
[Cw \__\\ vacuum pump, cell 3 with vacuum head in place, and cell! 
: b ; with cathode removal chamber, cathode holder, and cathok® 
1. Assembly drawing of inert-atmosphere zirconium 
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in place. 











cathode-removal chamber which fits onto tly 


bumped head in place of the vacuum flange (Fig. 2 


A photograph of two cells, one being evacuate 
eee] 1 (cell 3) and one with the bumped-head, cathod 
‘D M 
ry | 














, removal chamber and cathode in place is shown t 
qi a i Fig. 3. The two sliding gate valves shown in Fig.: r 
« K<4 =<; aa ; close off both the cell and the cathode chamber : 
‘ Si =: ESS that the cathode chamber with the cathode a: 
a Ye vay deposited metal can be removed from the « , 
‘ 4 4 proper and cooled under argon while the electrolyt/ 
ii ‘S” Q a and cell are sealed off under argon also. A seco 
Cu, | KEES cathode removal chamber is placed on the cell anf 
ee, Sf Das both gates are open, enabling a second electrolytv § 
, | at ea panes run to be made. A central panel board with a-c anf 
[', iA oe i d-c controls, temperature indicator, and arg ‘4 
Si i — flow-meters and valves for the operation of thes 
4 i Bs cells, is shown in Fig. 4. s 
4 q The argon is admitted through one of the elemen' 
inate i y leads traveling down to the cell bottom, up arou! 
5 ~ I) | the crucible, and out through the head. 
=)7 y An a-c welding transformer has been used as 
1g ue Ly heating power source. A variety of d-c sources hav § 


Fic. 2 ‘ 
with bumped head, gate valves, and cathode removal phosphorus pentoxide to remove any res dus 
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been used with equal success. The most versatii 
is a motor generator set. A Hobart 400 amp 2- 
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: | 
y An eccncncpcinndng Linetdll Z| . + ¢ if 
Z RYT ny y welder has been satisfactory as an a-c source. \ff 
g A ¥, y Columbia 2000-amp motor generator has proved \f 
Y 4) s : , : 
d. G de be an extremely versatile and reliable d-c unit 
SSSSS ~~ S Od. : oor : . . j 
rzx) % an Y amma | Linde Argon, 99.98 + 0.02% in purity, is use 
L ~~ om Y, ea" as an inert atmosphere during operation. For furthe | 
ae = 5 e , ————) 


chamber in place 





Assembly drawing of modified electrolytic cell purification, the gas is passed through a column ( 







moisture and then through a titanium sponge co! 1m! 
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Fig. 4. Front over-all view of panel board showing a-c 
nd d-c controls and meters, temperature indicating equip 
ent and argon pressure controls, and manometers for the 


wo cells and the cathode removal chambers 


t 700°C to remove O- and N». A sketch of this drying 
rain is shown in Fig. 5 and is illustrated in Fig. 6. 


OPERATIONAL PROCEDURES 
Preparation of Cell and Materials 


As will be later explained, it is essential that the 
ell and materials used be in an anhydrous condition; 
herefore, certain purification and cleaning steps 
must be taken. These include a hot evacuation of the 
‘ell and the vacuum drying of salts used in the 
‘lectrolyte. 

\ new cell or one which has not been used for 
some time must be evacuated to remove moisture, 
hygroscopic salts, and certain organic materials. 
In the case of a new cell, insulating materials, par- 
ticularly lampblack, and graphite parts contain 
large quantities of moisture and organic materials. 
The cell is first evacuated down to 100 u or less at 
room temperature and then heated up to 100° 
200°C above the normal operating temperature and 
pumped until the original pressure is again attained. 

aw materials must be pure and anhydrous. The 
sodium chloride used has been of reagent grade 


requiring, at most, an oven drying for 10-12 hr at 


110° -120°C to remove surface occluded moisture. 
he KoZrFs is somewhat hygroscopic and is vacuum 
di in a vacuum oven for 4-6 hr at 80°C at ap- 


proximately 50 uw. The K.ZrFs used has been of three 
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5. Sectional drawing of argon purification train 
argon tank; B 
3-in. O.D. stainless 


Fic. 
used with zirconium electrolytic cells. A 
P.O 
steel tubes with steel flanges; E 


copper O-rings; C packing; D 


to electrolytic cells; F 
chromel ‘‘A’”’ wire (14GA) embedded in refractory alundum 


cement; G—thermocouple wells; H—Kavylo pipe insula 


tion; I—titanium sponge; and J—pedestal support. 


- 





Fic. 6. Argon insula 


tion, valves, ete., Ti column and P.O; column. 


purification train with heaters, 
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types: (a) a C.P. grade, 99 + %, as supplied by the 
Kawecki Chemical Company, (b) a recrystallized 
99.9% grade (Kawecki Chemical Company), and 
(c) a recrystallized 99.9% material produced in this 
laboratory. 


Charging of Cell 


The cell is initially heated to 850°-900°C under an 
argon atmosphere with the crucible in place. The 
dry salts are then charged and melted as rapidly as 
possible under a heavy argon flow. 

When a fluid bath is obtained, the temperature is 
set at about 850°C using a chromel-alumel thermo- 
couple embedded in the crucible wall. If purifica- 
tion of the bath is needed, a graphite cathode is 
inserted into the bath and d.c. applied to the circuit. 
Voltage is set at 1.5-2.0 volts. When moisture has 
been eliminated, a rise of 0.5-0.8 volt will be noted 
with a simultaneous current drop. Other more easily 
electrolyzable impurities are also broken down in this 
pre-electrolytic step. The bath is then ready for 
electrolysis. 


Electrolysis 


The cell temperature is dropped to 800°-850°C and 
a steel cathode with a nickel lead shaft inserted into 
the bath under low voltage (1-2 volts). This cathode 
shaft is protected by a graphite sleeve. Nickel is 
used as a lead because of its greater resistance to 
dry chlorine attack. A cylindrical cathode is used 


Fic.7. Typical electrolytic zirconium deposit. (Reduced 


one-third in reproduction.) 
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to conform to the crucible configuration. A varie! 
of cathode designs, including cones, disks, and s rip 
have been tried, but these produce no outstar dir, 
changes in results. When the cathode has reache? 
bath temperature, the current is increased to a 
point where the initial current density is 250497 
amp/dm?. At these temperatures this yields qi 
actual bath voltage of 3.54.0 volts and an indicate] 
voltage of 4-6 volts, including the voltage dro 
through the cell. All reported voltages are mete) 
readings and not actual electrode voltages. Ele.” 
trolysis is carried out for a calculated number ¢/) 
ampere-hours based on a deposition rate of 0.5 gram 7 
amp-hr. This is equivalent to about 60% current 7 
efficiency which is normally encountered. When th! 
bath is near exhaustion of the available zirconium 
sodium is produced and will be observed burning 
at the sight hole of the cell. There is little visib\ 
action during the runs aside from the evolution ¢ 
copious amounts of chlorine. 

When the run is over, the cathode is raised from” 
the bath with a small voltage still across the ce! 
It is clamped into position just above the bath or} 




















a sealed cooling chamber above the cell and allowed 
to cool to room temperature in an argon atmospher 







A typical cathode and deposit as cooled and re. 
moved from the cell is shown in Fig. 7. An operating 
data synopsis for three typical runs is given in Table 
[, along with a summary of characteristics of the 
deposited metal. 


































Metal Recovery 





The deposit as recovered from the cell or cooling] 
chamber is a gray to black rough surfaced metal-sal 7 
agglomerate. It is roughly one-third metal and two 7 
thirds salts. These salts are principally NaCl, Naf} 
KCl, and KF, with small amounts of K.ZrF, and b 
possibly other lower zirconium chlorides or fluorides 5 

The deposit is broken off the cathode and jaw-? 
crushed to coarse lumps. These are allowed to soak 9 
in water for a short time until soft. They are the 
wet mortared to break up salt agglomerates, washei 7 
in buffered hot water solutions, and kept just slight!) 
acidic to prevent excessive precipitation of any 7 
hydrous oxides of zirconium. A series of washing | 
and decantations are made until there is no evidence 


erty ha 


of residual salts and no test for halide ions in th 
wash water. The powder is then filtered and acetou 
dried. 


Metal Consolidation 





The metal as recovered from the washing step is 9 
coarsely crystalline powder, brilliantly metualli 





Typical granules and powder particles of a+r 9 
covered metal are shown in Fig. 8. This powder nay F 





either be sintered under argon or high vacuum a! 
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TABLE I. Electrolysis of KeZrF-NaCl-Salt Bath 


Electrolysis 
KoZrFe Amp 


Yield C.E by 
7 T E CD hr o oO Remarks 
Cc Volts Amp/dm? 
6847 38 800 5.8 340 560 84 64 Commercial recrystallized K.ZrF. 
68-61 38 800 1.9 270 600 87 62 Commercial recrystallized K.ZrF, 
68-5] 41 800 4.8 270 500 86 63 Horizons recrystallized K.ZrF, 
Screen analysis (% retained on screen) 
Run +35 +100 +150 +200 +325 325 
No , J oO Y “ 
68-47 2.9 30.0 21.0 14.8 17.0 14.3 
68-61 1.4 30.1 18.4 12.7 19.8 17.6 
68-51 13.7 50.2 14.9 7.6 8.4 5.2 
Analysis for carbon, oxygen, and nitrogen 
Run Zr Cc N oO Hardness 
No wf . w/ ‘ Rockwell B 
68-47 99.9 0.047 0.011 0.038 82 
68-61 99.8 0.030 0.0017 0.074 85 
68-51 99S 0.029 0.002 0.049 S4 
Amp hr = ampere hours of electrolysis 
Yield % is based on total available Zr in electrolyte. 
C.h. = Current efficiency based on number of ampere hours of electrolysis and theoretical yield of 0.85 gram amp hr. 





Fig s 


As-recovered zirconium granules, water washed 
nor to compaction for are melting. 15x 


ielted, or sheath rolled. The usual procedure carried 
ut at Horizons Incorporated for evaluation pur- 
ses has been are melting. 

\ small laboratory are-melting furnace has been 
sed, employing a water-cooled copper hearth and a 
Mingsten tipped electrode. The unit operates under a 


jiarter atmosphere of argon. Arc-melted, cast ingots 


» ‘o 90 grams in weight are melted from each elec- 
‘run for evaluation. These ingots are melted 
the powder, cold-pressed into compacts at 


EVALUATION OF THE PROCESS 
Mechanism of the Reaction 


The the 
conclusively established, but certain definitive facts 
are known which suggest a number of possibilities all 
leading to the same end result. 

The fused salt mixture has been essentially stand- 
ardized as one of NaCl and K.ZrF,.. All the observed 
by-products and end products may be accounted for 


mechanism of reaction has not been 


by consideration of the various chemical and electro- 
chemical reaction possibilities through the purifica- 
tion and deposition cycles. 

Considering only the double fluoride in a bath 
with some moisture present, the following chemical 
reactions might occur. 


K.ZrF + (x + 2) H.O = Zri do 
xH.0 + 2KF + 4HF (1) 


ZrOx-xH,O = ZrO» + x20 (550°C) (II) 
K.ZrF, > 2KF + ZrF, > ZrF;+12F. (IID) 


Reactions (I) and (II) probably occur to some ex- 
tent during charging and melting of the salts. It is 
doubtful that reaction (III) occurs at all. Fluorine is 
apparently replaced by chlorine, and a similar de- 
composition does occur to some extent as the chloride 
when NaCl is melted with K.ZrF¢. 
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lonization may take place in the following 
manner: 

KoZrF, = 2K*+ + ZrFe? (IV) 

K.ZrF, @ K.ZrFs* + F (V) 


During the dehydration or purification step, a low 
voltage pre-electrolysis with a graphite anode can 
produce the following reactions, 


H.O = 2H+ + O (VI) 
2H*+ + 2e — H. (cathode) (VII) 
Oo} + C — CO + 2e or (VIID 


20% + C — CO, -- 4e (anode) 


These latter three reactions all occur as evidenced 
by gases evolved from the cell. 

When NaC! is considered as part of the system, 
the chlorine replacement then can occur. Since no 
fluorine is evolved, this replacement is definitely 
known to take place, possibly according to one of 
the following reactions. 


KoZrF, + 4NaCl — 2KF-ZrCh + 4NaF or 
K.ZrF, + 6NaCl — 


(IX) 


2NaCl-ZrCl, + 4NaF + 2KF (X) 


KCI is also found in the bath, so there is some 
replacement of fluorine in this instance. 


KF + NaCl @ NaF + KCI (XI) 


All ionic salts are of course present to a great extent 
as ions in a fluid melt. 

On electrolysis the following anode reactions are 
possible, assuming elimination of moisture. 


2Clr- — Ch, + 2e (XII) 
ZrCle- — ZrCh + Cl, + 2¢ (XITT) 
ZrCle- — ZrCl;+ + 39 Ch +e (XIV) 


Reaction (XII) occurs throughout the process when 
the voltage is greater than 2.5 volts. There is no 
definite proof that (XIII) and (XIV) oceur, but if 
reaction (LV) takes place, then reactions of this type 
could logically follow. 

The exact mechanism of the reduction from 
t+ Zr(1V) to Zr°® is in doubt. There is definite reason 
to believe it evolves through breakdown of a chloride, 
and some reason to think the reduction is stepwise 
going from 4* Zr(IV) through 3+ Zr(III) to Zr°. 
The following cathode reaction types can be postu- 
lated. 


Nat +e—Na (XV) 
Kt +e—-K (XVI) 
Zr** + 4e — Zr (XVIT) 





Zr*+ + 3e — Zr (XVI 
Nat + ZrClh, + e — NaCl + ZrCl; and 


3Nat + ZrCl; + 3e + 3NaCl + Zr (XIX 


3Nat + ZrCl,;+ + 4e — 3NaCl + Zr XX 


3Nat + ZrCl,+ — 3NaCl + Zr** (XX] 
Reactions (XV) and (XVI) are relatively unin. 
portant, occurring only when the zirconium ¢op. 
centration in the electrolyte is near exhaustion. |; 
is doubtful whether (XVII) or (XVIII) occur, « 
there is no concrete evidence that the simple 7; 
ions exist. Reactions (XIX) through (XXI) apy 
means by which Zr could be liberated. Any suc 
mechanism could derive Zr(1V) or Zr(1I1) from thy 
anode or from the bath and produce Zr at thy 
cathode. 
The over-all cell reaction is as follows: 
4NaCl + K.ZrF, — 
(XXII 
Certain side reactions enter under specific cov 
ditions. If significant oxygen remains in the bat! 


and ZrO, is produced, then high oxygen deposit 
are produced. 


Zr + 4NaF + 2KF + 2Cl, 


2ZrO. — 2ZrO*+ + 2 O- 


2ZrO**+ + 4e — 2ZrO — ZrO, + Zr (XXII! 


This reaction also occurs during the purificatio 
cycle. 

If the temperature is extremely high, chlorinatio 
can occur at the cathode, the chlorine being derived 
from the anode. 

2Zr + 3Cl, > 2ZrCl; *> 2ZrCh = (XXIV 
Disproportions are also possible at higher tempen- 
tures and extreme voltages as: 


Zr + 3ZrCl, — 4ZrCl, (XX) 
Zr + 2ZrCl, — 3ZrCl. (XXVI 


Finally, the process is definitely an electrolyti 
one and not a sodium reduction by secondary r 


action at the cathode. There is no apparent reactio! § 


on melting of the two salts. Furthermore, mets! 
may be produced below the decomposition potenti! 
of sodium chloride. The cathode deposit is a con: 
pact adherent one unlike a thermal reduction prot: 


uct. There is no evidence of sodium metal produc 
tion during the reaction until the available zircouiun § 


is near depletion, or at extremely high voltage 
when some sodium may be codeposited. 
The process is not operable when exposed t. tht 


air. Deposits made in air are mixtures of oxide an 
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rABLE II. Effect of KeZrF« concentration on the 


electrolytic production of zirconium 


Con- Cur- v4 Hard- 

< 7 rs ms ‘ or € or ness 

I ‘ion | Yield | >i00 | ¢ K 6 | Rock- 
KiZrFs . ciency mesh well 

147, 20 82.5 | 57.5 | ND ND 0.012 (0.061 ND 


i64 20 80.5 | 61 0.042 0.002 0.042, 79 


i71 24 81 51.3 ND = 0.0340.0013.0.055 90 
175| 26.5 | 94 54 ND | 0.0340.0032,.ND | ND 
1 | 27 93 46 25.8  0.0580.007 IND ND 
0.0740.0189 ND ND 
35 | 33 86 50 27.6 ND IND IND | 83 


57 | 38 SO 69 59.9 
51 41 66 63 63.9 


l 

] 

l 

5 

t 

1-6 27 90 44 36.3 
x 

S 0.023 0.0002 0.060, 87 
8 0.0290.002 0.049 84 
5-6 volts. 

Current density = 300-500 amp/dm?. 

Temperature = 830°-860°C. 

ND = not determined. 


i (volts) = 


netal, very finely divided, and analyze at best 


Bround 85% Zr. 
Effect of Concentration of K.ZrF s 


This process is operable using K.ZrF. concentra- 
ions up to 50%, but considerable difference is ob- 
erved in operational characteristics. A high con- 
entration is desirable from two standpoints, lower 
erating temperatures and longer runs without 
recharging. 

Maximum yields of metal have been encountered 
mising 25-30% by weight K.Zrk, concentrations. 
W\aximum current efficiencies are obtained using 

he 35-40% range. Thus a 30-35% concentration 
has been considered the optimum concentration 


merange. 


Pertinent data for runs of various concentrations 


Mare shown in Table II and illustrated in Fig. 9. 


iperi- Some tendency has also been noted toward an 
increase in particle size with increasing concentra- 
cx tion, but the observation is not conclusive at this 
time. Zirconium metal of comparable purity has 
XVI been produced throughout the range of concentra- 
tions investigated. 
olyt % 
ry Te $ Temperature Effect 
ction Bath temperatures from 790° to 1000°C have 
mets been investigated. The melting point of the usual 
enitiai 80-35% KeZrFe-NaCl bath is just under 790°C 
com and, at this minimum temperature, the bath is 
pro! BRB uile viscous giving poor deposition characteristics 
due oy (ow efficiencies. At 800°C, however, the effi- 
UD BE oie climbs to a maximum. Beyond 870°C, it 
Lage lulls ff to a point where it is only 40% at 1000°C. 
4 ;\ other variables affecting the process con- 
th ot the optimum operating temperature appears 
and 


hout 850°C. 
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9. Effect of initial K.ZrF, concentration in the 
electrolyte on the metal yield and current efficiency. 


Fig. 


TABLE III. Effect of temperature on the efficiency 
of zirconium metal production by fused salt 
electrolysis of KoZrF ¢ 


e Hard 
on re urrent ‘ ‘ C ss 
Run No. “ ae efficiens y ( wy O Rock 

B 
61-142 790 | 71.5 43.5 ND 0.007 0.128 - 
68-33 800 76 63 ND ND ND 86 
61-164 860 80.5 61 0.042 0.002 0.042 79 
61-191 920 70 43 ND 0.0015 0.033 ND 
61-44 1000-90 40 ND ND ND ND 

E (volts) = 5-6 volts. 


Current density = 300-500 amp/dm?. 
Concentration of 20% by weight of K.ZrF, in NaCl. 


At higher temperatures, the deposits are richer 
in salts and the crystals of zirconium are of a den- 
dritic type. There is also a greater tendency for pick- 
up of impurities, and over-all metal quality is 
diminished. 

Pertinent data for runs showing effect of tempera- 
ture and efficiency are given in Table III and il- 
lustrated in Fig. 10. 


Effect of Cell Feed Purity 

Probably no other single factor is of greater im- 
portance in the fluoride process than is the purity of 
the salt bath. The most deleterious contaminants 
are water, oxides, and iron. Such impurities must 
either be absent or removed through pre-electrolysis 
and vacuum drying of salts. Otherwise the presence 
of these impurities is directly reflected in efficiency 
of the process and quality of the deposit. 

» 


In all experimental runs reported here, C.P. or 
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Fic. 10. Effect of temperature on the current efficiency 


TABLE IV. Spectrographic analysis of typical K.ZrF , 


Element 


ZrOz 
SiO, 
FeO; 
Al,O; 
HfO, 
CuO 
TiO, 
CaO 
MnO 
MgO 
WO, 
PbO 


in the electrolytic production of zirconium from K.ZrF.. 


6 


(K2ZrF, ignited to oxide for analysis) 


Per cent Element Per cent 

Major MoO 

0.05 NiO 0.002* 

0.005 Cre0; 0.005 

0.08 Sn0,. 

0.50 Ag.O 

0 .0005* CoO 

0.001 Ta,O, 

0.30 Cb.0 

0.001" B.O; 0.0005* 

0.001 V0; 0.003 
Na,O 

0.01 KO Major 


* Less than 
Elements not detected: P, Bi, Ga, Cd, Y, Yb, In, Ge, 


orizons 


However, a major portion of the work reported has 


92-27 
92-29 
5 
23 
26 
68-4 
75-175 
61-164 
74-4 


~j =] 


ND = 






Li, Ir, As, Os, Lu. 


Analytical Grade NaCl has been utilized. K.ZrF, 
obtained from several sources and also prepared at 


Incorporated has been investigated. 


Type Zr source 


Recrystallized commercial, Fe in cell 11 
Recrystallized commercial, +1% ZrO: 12 
Recrystallized commercial, +1% ZrO» 12 
K.ZrF;, crude (contains ZrO.) 7 
Low Hf, crude 6. 
Horizons, crude 3. 


Vac. dried, recrystallized, no pre-electrolysis 12 
Vac. dried, recrystallized, no pre-electrolysis 8 


Vac. dried, recrystallized, pre-electrolysis 6. 


Commercial, as received, no pre-electrolysis 9 


not determined. 


Zr 

concen- 

tration 
€ 


TABLE V. Effect of cell feed purity 


~ bo 


or 







been accomplished with K.ZrF,« with a puriy 4! 
given in Table LV. . 

Water in the NaCl may be removed by hig! 
temperature air drying to a tolerable limit. That j)/ 
the K:ZrF, can be removed by a vacuum drying! 
step. The cell of course must also be dry. 

Iron in the salts can be removed by a low voltay” 
pre-electrolysis. Since the crucible is anodic, any iru 
present is also removed in such a step if the amou, | 
is not excessive. No iron can be exposed in the « 
or chlorination will result, and an FeCl; atmosphep 
will prevail in the cell. Lron serves to reduce th 


ae GN ee 


process efficiency and also cut down the partic 
size in addition to contaminating the deposit. : 

The presence of oxides or water in the bath \7 
reflected in the oxygen analysis of the metal pm] 
duced. This produces an extremely hard zirconiun™ 
possessing little or no ductility. 

Data illustrating effects of these various impuritie 
are shown in Table V. The first six of these ru» 
employed either a low grade zirconium source m 
terial or had a foreign substance added to the bat! 
Four satisfactory runs are appended for compar'so: 


Continuous Operation of the Process 


Considerable work has been done toward exten 
ing the process beyond a single run batch-type pn 
cedure. Indications are that the process is adaptal 
to a semicontinuous operation. This has been dow 
through reuse of a given bath and employment ol 
cathode cooling chamber. The design of such a « 
was noted in Fig. 2 and 3. This cooling chamber 
nothing more than a water-cooled gas tight cont). 
which can be removed from the cell with the cat! 
ode, allowing the insertion of a second cathode. 

Theoretically a bath should be useful for a min 
mum of six runs. A bath is limited only by th 
buildup of NaF and KF which lowers the electric: 
conductivity and makes it more susceptible to polar 
zation effects. Up to three runs have been made o1 
given bath with no noticeable effect on metal pro 





y Current : : Hardne 
Yield ell > 100 < N Oo Rov kwe 
' crency | mesh ; ; . B 





61 58 ND ND ND ND ND 
61 52 32.4 ND ND ND Re #4 
51 46 28.9 0.011 0 .000+- 1.23 07 

82 56 44.3 0.049 0.033 0.255 ND 
92 34 46.1 0.070 0.007 0.207 ND 
86 24 32.4 0.261 0.057 0.457 ND 
87 62 32.9 0.047 0.011 ND S 

94 54 ND 0.034 0.0032 ND ND 
80.5 61 ND 0.002 0.042 0.042 7! 

90 44 55.8 0.074 0.013 ND N)) 
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ND = not determined. 


Juced. Certain adjustments are necessary however 
temperature and operating current. Typical data 
or semicontinuous operation are shown in Table VI. 


Effect of Other Variables 


Other variables have only minor effects on the 
rocess in general. An argon atmosphere is of course 
mportant, but a highly purified argon is not neces- 
ary. 

Current density has little effect within fairly 
arge limits. The lower limit is fixed only by voltage, 
and a minimum of 2.0-2.5 volts must be maintained 
across the cell for a satisfactory deposit. The upper 
imit of current density is about 500 amp/dm’*. 
seyond this point metal is produced, but particle 


size diminishes and the metal is more difficult to 


ecover from the deposit. 

Electrode distance and cathode design have had 
ittle effect to this point. Investigation along these 
ines has of course been confined to the 5-lb cells 
vith fixed dimensions. 


EVALUATION OF MetTaL PropUCED 
Chemical Evaluation 


Zirconium produced by the fluoride process has 


been evaluated 


by means of chemical analysis, 
creen analysis, and spectrographic analysis. The 


following analytical methods have been employed: 


‘Total Zr: Pyrophosphate gravimetric method; HF 
or aqua regia solution of sample; pre- 
cipitation with (NH,)sHPO, followed by 
ignition to ZrOs. 


Carbon: Combustion method and KOH absorp- 
tion of COs. Standard Leco Semi-Auto- 
matic Determinator used. 

‘itrogen: Kjeldahl Method using Micro Kjeldahl 


apparatus (Scientific-Glass Apparatus 
Co.—-M-3074). HF solution of sample. 
Titration with 0.01N HCI. 

Chlorination method; ignition in purified 
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TABLE VI. Semicontinuous operation for electrolytic zirconium production 







o7 


Current 


Hardness 


KoZrFs , } riek a" € ; j 
cone. rec ie vats 7 efficiency > 100 + . = Rockwell 
oO : : ‘ % mesh . a . B 
3] 25 850 150-200 4.5-4.2 S86 43 23.9 0.027 ND 0.006 95 
53 25 800 200-60 5.3-4.1 76 63 ND ND ND ND ND 
| 27 840 150 5.8 93 47 26.0 0.058 0.007 ND ND 
6 27 860 120-95 7 .8-5.3 90 44 36.3 0.013 0.013 ND ND 
7 27 860 125 6.2 ND | # | ND ND ND ND ND 
68-57 38 820 200 5 SO 69 59.9 0.023 0.0002 0.060 87 
a) 38 800 200-100 5.64.5 54 35 19.4 0.030 0.0017 0.112 85 





chlorine at 400°C, followed by ignition of 

residue and weighing as ZrO... Adapted 

from HC! volatilization method developed 

Institute of Tech- 
nology AEC Laboratory (3, 4). Average 
values obtained: 

Zr and Hf — 99.6-99.9 % N - 
C — 0.04-0.06 % 


at Massachusetts 


0).002—0.004 % 
O — 0.04-0.08 % 


for 
spectrographic analysis. Samples of such analyses 
are reported in Table VII. 

Particle size analyses have been done using a 


Samples have periodically been sent out 


to-Tap vibrator with a standard set of Tyler screens, 
35, 80, 100, 150, 200, and 325 mesh. 

Typical analyses are given in Fig. 11 for two sam- 
ples in the form of distribution curves. Other analyses 
for representative runs are reported in Table VIII. 
It is not unusual to have >50% of +100 mesh. 


TABLE VII. Typical spectrographic analysis of 
electrolytic zirconium 


(Reported in parts per million) 


Sample 

Element > dP A sae Bt double drip agen ( — we 
Al 60 725 700 SO 100 
Ca 7 25 <5O <50 
Cr 10 30 25 5O 30 
Cu 20 65 65 <5 <5 
Fe 800 850 300 200 100 
Hf 9400 15,000 15,000 
Mg <5 3 12 <10 <10 
Mn 10 410 7 <10 <10 
Mo 20 <10 <10 <10 <10 
Ni 30 20 20 50 1) 
Pb 30 1) <5 <10 <10 
Si 10 100 105 200 30 
Sn 40 9 5O <10 <10 
ri 270 1015 690 500 500 
V <100 <100 ND ND 
W 100 ND ND ND ND 

ND = not determined. 
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SCREEN OPENING - INCHES 
Fic. 11. Particle size and size distribution plot of two 
typical electrolytically produced zirconium metal powder 
products. 


TABLE VILL. Particle size analysis 


Run No +3S vr i608 +150 +200 +325 “325 Remarks 
68-57 11.7 | 48.2 | 15.5 8.4 10.0 6.2 
68-61 1.4) 30.1 | 18.4 12.7 | 19.8 | 17.6 
92-27 1.7 | @.7 | 2.1) 14.1 | 2.3 7.1 
92-31A 5.4 | 49.6 | 21.8 8.7 10.6 3.9 
6849 §.8 | 37.7 | 21.3 | 12.6 | 14.9 7.7. High 
K.Zr- 
F, 
conc. 
92-39B 6.4 | 43.4 17.9 10.1 15.0 7.2 


Metallurgical Evaluation 


In almost all of the electrolytic runs in which siz- 
able amounts of zirconium powder were recovered, 
samples were taken for are melting to produce small 
ingots on which hardness and workability data 
were obtained. 

Cold rolling, in most cases, was carried out on the 
as-cast ingots without prior annealing, as this is 
the most drastic type of treatment for the determi- 
nation of ductility in forming that can be carried 
out. Hot working, to strip of about '¢-in. thickness 
followed by cold reduction, both with and without 
intermediate anneals, was also carried out. Sheath 
rolling of both melted ingots and cold-pressed powder 
was conducted using mild steel as the canning ma- 
terial. Wire-rolling to 0.030-in. diameter was con- 
ducted on selected ingots to determine the ease of 
fabrication of the electrolytically produced zirco- 
nium by this method. 

In general, the zirconium powder was compacted 
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Fic. 12. Zr powder, Zr cold press compact, melted ing 
cold-rolled sheet, hot-rolled strip, machined Zr bar, co 
cold-rolled Zr foil 0.008 in. thick, and rolled Zr wire 0.03% 
diameter. (Reduced to slightly less than one-half size. J 





in a l-in. diameter die, by cold pressing at 10 1: 
Compacts of 20-50 grams in weight were preper 
These were melted in a small laboratory arc-meltiy 





furnace under an atmosphere of argon of approx 
mately 20 cm pressure. A water-cooled tungst 








electrode and water-cooled copper hearth w 
used, each ingot being turned over and remelted | 
insure complete fusion and homogeneity of the ca 
metal. 

Rockwell A and B hardnesses were taken on bo! 





sides of the ingot after first grinding parallel { 





surfaces on the faces. In the case of thin sheet, Vic 
ers hardness readings using a 5 kg load were « 





tained. 
Fig. 12 is a photograph showing the various stage] 
of processing of the electrolytically produced 7 





conium. The powder pressed to a compact of abo 
70% density is arc-melted and a cast ingot is 0 
tained, as shown. Cold-rolled strip, hot-rolled pla 







and a cold-rolled and machined rod are also show 
A coil of cold-rolled sheet and wire, rolled to 0.05 





in., are included. 

Some of this zirconium powder was melted by « 
are method, using a consumable electrode. 1! 
powder was extruded and sintered and the J 





sulting rod melted to obtain the two-pound ing § 
shown in Fig. 13. This ingot had an average hardnes 
value of Rockwell B-85. 





HARDNESS OF As-Cast Zircontum INGOTS 





In measuring the hardness of the cast ingots "7 
zirconium an attempt has been made to corvrel:l’ J 





the hardness values to the oxygen contents «ete! 





mined on each batch of powder produced. 
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fia. 13. Small zirconium ingot, 2 lb., melted by con- 
mable electrode method from the sintered powder. (Re- 
iced to 4, size.) 
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‘ed zim rig. 14. Hardness as a function of oxygen content for 
f abou Sa’ Cast electrolytically produced zirconium; C > 0.05%; 
-. ~ 0.003%. 
1 plat q , . 
~i Only those runs with nitrogen contents between 
5 . 7 
o 0.03) y.002 and 0.005 weight per cent (0.003% average) 






ud carbon contents between 0.02 and 0.07 weight 
ber cent (0.05% average) were chosen. With this as 


| by a 
. Tl basis, the oxygen contents were plotted against 
the rr he hardness values obtained and this variation is 
1 ingot hown in Fig. 14, 
ardnes Dvuctitity or ELECTROLYTICALLY 
Propucep ZiRcONIUM 

™ ‘he workability of the as-cast zirconium ingots 
s determined by rolling to sheet and determining 
B tell hardness at certain stages in the reduction. At- 
wren a . 

tS were not successful, in general, to reduce the 
os eter 


nelted ingots over 50% by cold-rolling if the 
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as-cast hardness exceeded Rockwell A 54-55. How- 
ever, if the hardness of the ingot was lower than this, 
it was possible to cold roll strip directly from the 
ingot stage without intermediate anneals, provided 
care was taken to grind out any incipient edge- 
cracking that may occur. Cold reductions of up to 
98% have been experienced on certain batches pro- 
duced. However, almost all of the zirconium pro- 
duced could be hot rolled at 700°-800°C to plate 
(0.125 in.) and cold rolled to sheet (as thin as 0.006 
in.) with no difficulty. Typical cold reduction vs. 
hardness data are given in Fig. 15. This material 
has working characteristics that compare favorably 
with sponge zirconium. 

Sheath rolling has been attempted both with the 
cold-pressed powder and with cast ingots using a 
mild steel sheath. Hot rolling to a reduction of about 
60%, followed by an additional cold reduction of 
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RUN NO. 92-139 
} COLD REDUCED TO 97% 
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Fic. 15. Hardness vs. reduction in rolling for electrolyti- 
cally produced zirconium. 
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Fic. 16. Hardness as a function of annealing time for 
97% cold-rolled zirconium. 
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Fic. 17. As-cast zirconium ingot showing typical 
Widmanstatten structure of cast zirconium electrolytically 
polished and etched. Bright-field illumination. 100X 


oe 2s. 
-“ * ’ 
7 > 
hic. IS. As-east zirconium ingot similar to Fig. 17 


showing details of Widmanstatten structure electrolvticall, 


polished ind etched. Polarized light. 250 


> 


about 30°, was obtained. The zirconium is then 
removed from the steel sheath and further reduced 
cold to strip ol the order of 0.006—0.010 in. in thick- 
hess 
Che hardness Variations as a tunction of annealing 
time for two different runs of zirconium, cold rolled 
approximately 97, are given in Fig. 16. 
\IiCROSTRUCTURES OF ZIRCONIUM, 
ELECTROLYTICALLY PRODUCED 


Typical microstructures of the as-cast, cold- 
worked, and annealed zirconium are shown in Fig. 
17 through 25 

The well identified as-cast structure of zirconium 
showing the Widmanstatten pattern is shown in Fig. 
17 and 18, under bright light and polarized light 
illumination. 

Specimens, cold pressed to a 17% reduction in 
thickness and annealed at 800°C, are shown in Fig. 
19 and 20. In an annealing time of 5 min, only 
partial recrystallization has occurred, while 15 
min at 800°C has resulted in complete recrystalliza- 
tion 

The structure of an as-cast ingot, cold-rolled 98 % 
without intermediate anneal, is shown in Fig. 21. 
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Fig. 


100 


FIG 


od 


19. Zirconium (cold reduced 17%) annealed 5 min 
800°C, showing partial recrystallization. Polarized lig) 





20. Zirconium, vacuum annealed 15 min at 80) 


after 17% cold reduction. Polarized light. 250x 





Fria 


21. Zirconium ingot, cold rolled 98% without i 


mediate anneal. Polarized light. 250 


Fig. 


S00°PC. 





22. Same as Fig. 21 but vacuum annealed 15 n 


Complete recrystallization has taken | 


Polarized light. 100x 


{ 
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hig. 23. Same specimen as Fig. 22 but vacuum annealed 
thr at 800°C, Complete recrystallization and grain growth 
have taken place. Polarized light. 100X 


Fig. 24. Eleetrolytie zirconium metal, arc-melted and 
hot-rolled 80% from 0.375-0.07 in., at 700°C followed by 
0% cold reduction from 0.070-0.030 in. Polarized light. 


0X 


hic. 25. Eleetrolytie zirconium metal, are-melted and 
eath-rolled at 900°C to 60% reduction; sheath-rolled, cold 
in additional 30%, removed from sheath and cold-re 
duced to 0.008 in. sheet to a total of 98% reduction. Elec 
tically polished. Polarized light. 250x 


\nnealing this specimen at 800°C for 15 min has 
resulted in complete recrystallization, while re- 
crystallization and considerable grain growth has 
occurred in this specimen annealed at the same 
temperature for 4 hr. 

he microstructure of a.typical hot-rolled ingot, 
wed by a lesser amount of cold reduction is 
vn in Fig. 24. Fig. 25 shows the severely de- 
ied structure of a sheath rolled zirconium speci- 
in Which a substantial amount of cold reduction 
taken place. 


DETERMINATION OF PREFERRED ORIENTATION IN 
ROLLED SHEET AND WIRE 


Cold-Rolled Sheet Texture 


Pole figures were determined for cold-reduced 
zirconium sheet rolled from electrolytically pro- 
duced metal, consolidated by both sheath rolling 
and by cold rolling. Samples of zirconium sheet, 
cold rolled to over 95%, were utilized for these de- 
terminations. 

An abbreviated x-ray method was used for the 
determination of the pole figures. Although this 
method does not lend itself to high accuracy, it is 
wholly adequate for the purpose at hand, to deter- 
mine the degree of preferred orientation obtained 
with electrolytically produced zirconium, cold- 
rolled 95 % or better. 

The sheet of zirconium is placed parallel to the 
x-ray beam, between the target and film, and bent 
slightly so that the x-ray beam strikes the surface 
at a low glancing angle and is diffracted onto the 
film. Only two glancing angle shots were made for 
each specimen, one being perpendicular to the roll- 
ing direction and the thickness direction of the 
sheet, and the other, perpendicular to the transverse 
and the normal direction of the sheet. Although it 
was not possible to estimate many degrees of in- 
tensity for the two poles plotted, (0002) and (1010), 
the data were sufficient to give good approximations 


of the rolling textures. The average orientation is 


best described by representing the basal planes 
(OOO1) parallel to the rolling direction but inclined 


Vojo} 


Powder Zr Ingot Zr 
Sheath Rolled Rolled Strip 


Fic. 26. Pole figures for {0002} and {1010} planes of elec 
trolytic zirconium sheet produced by indicated methods. 
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Fig. 27 


X-ray photogram of rolled zirconium wire pro 

duced from electrolytic powder—MoK a radiation 

from the rolling plane by about 30° in the transverse 

direction and with a (1010) in the rolling direction. 
Fig. 26 shows these pole figures for the sheath- 

rolled and the cold-rolled zirconium specimens. 


(‘old-Rolled Wire Te rlure 


The texture of cold-rolled electrolytic zirconium 
wire was determined from the x-ray photogram in 
Fig. 27. It was found that the 1010 direction was 
parallel to the wire axis. This is in agreement with 
the result of other investigators (5). 

The results of these brief studies of preferred 
orientation in cold-worked zirconium metal produced 
by the electrolytic method show that the metal 
behaves in the same manner as iodide and sponge 
zirconium (6). 


IN ELECTRO- 
PRODUCED ZIRCONIUM 


PRESENCE OF “SECOND PHASE” 


LYTICALLY 


A second phase has previously been reported in 
both iodide and sponge zirconium of high purity. 
This phase, present in the annealed structure of the 
equiaxed alpha grains of zirconium, is acicular in 
nature when the zirconium is in the annealed state 
and suggests a preferential precipitation out of 
solution from the HCP lattice of the alpha zirconium. 

This second phase has been present in varying 
amounts in almost all samples of electrolytic zir- 
conium produced. From recent work done on ti- 
tanium, reported in the literature, there is good 
evidence that this second phase in zirconium is a 
hydride (7). Thus, some simple experiments were 
conducted to determine if the hydride phase was 
present in the zirconium metal produced by this 





Fic. 28. Zirconium, vacuum annealed 2. hr at 800% 


furnace cooled, revealing hydride precipitation phas 
Polarized light. 150 


process. Determinations of hydrogen content 
representative samples of zirconium from time | 
time have yielded values of 0.01 to 0.025 weight » 


cent hydrogen present in the electrolytic zirconiw 


These experiments consisted of first annealing 


small are-melted zirconium ingots and slow coolin 


them, and then reheating to 310° to 410°C, follow 
by water quenching. The annealing was done 
800°C for 2 hr in a sealed-evacuated quartz tul 
Fig. 28 is a photomicrograph of the structure | 
sulting, revealing the acicular needles of the seco 
phase in the alpha grains. 

The photomicrograph of the specimen, heated | 
310°C for 4 hr and water quenched, shows a d 
creased amount of this second phase (Fig. 29 
while the one heated to 410°C for 1 hr and wat 
quenched shows the complete absence of the phas 
Only equiaxed alpha grains are present with a f 
mechanical twins resulting from polishing (Fig. 30 

To further substantiate this second phase, 
second sample was annealed at 850°C for 5 hr i 
sealed off-evacuated 


tube, and furna 


cooled. The acicular second phase is again pres 


quartz 


(Fig. 31). However, when this specimen is heated | 





Fic. 29. Zirconium, same as Fig. 28 but 4 hr at ‘00! 


and water quenched. Note decreased amount of h 


phase. Polarized light. 150K 
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800°F 
nd water quenched. Note hydride phase completely dis- 


hia. 30. Zirconium, same as Fig. 28 but 1 hr at 


olved and only one phase, @ zirconium is evident. Polarized 
ight. 150 








Fic. 31. Eleetrolytically produced zirconium metal, 


vacuum annealed 850°C for 5 hr, and furnace cooled. Hy- 
dride phase is still evident. 150X 





a lala 


ig. 32. Same as Fig. 31. Heated in a vacuum at 850°C 

5 hr but degassed in an actively pumping system at 
24 pressure for 5 hr. Hydride phase has disappeared. 
Pol ized light. 250 


in & vacuum system which is being actively 
pumped, and a pressure of less than 0.02 yu is ob- 
d, and this specimen is then furnace cooled, 
second phase has disappeared, as is shown in 
hotomicrograph of Fig. 32. The fact that the 
lar phase, present in the annealed specimen, 
pears on heating to a relatively low tempera- 
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ture followed by quenching and by degassing at a 
higher temperature in a vacuum, establishes this 
phase as a hydride. Neither the oxide, carbide, or 
nitride becomes soluble at these low-solution treat- 
ment temperatures, nor can zirconium be degassed 
of them by an 850°C vacuum treatment. 


CONCLUSIONS 


A practical electrolytic process has been evolved 
for the production of pure zirconium metal. The 
method entails the electrolysis of K.ZrFs in molten 
NaCl under a protective argon atmosphere. 

Metal so produced is in the form of coarse crystal- 
line dendrites which may be consolidated by stand- 
ard are melting or powder metallurgical techniques. 
The resultant product is satisfactory from a purity, 
hardness, and ductility standpoint, and is com- 
parable to sponge produced by magnesium reduction 
of the chloride. Improvements in purity of the 
starting material and refinements in the recovery 
procedure have made this possible. 

The 


materials. The double fluoride itself is easily pre- 


fluoride process utilizes readily available 
pared from the oxide, silicate, or zirconate by normal 
chemical procedures. 

Standard 


modification 


electrolytic equipment with some 


could be employed for commercial 
operation. Provision must be made for a protective 
atmosphere and elimination of chlorine corrosion. 


The 


basis, a number of runs being made on the same 


process may be run on a semicontinuous 
salt bath simply by charging fresh K.ZrF, to the 
electrolyte. The bath life is limited only by the 
buildup of NaF and KF in the salt system, making 
it more refractory and less conductive. A_ high 
fluoride bath is also more susceptible to polarization. 

The process is operable within broad limits with 
respect to temperature, voltage, current, and 
zirconium concentration. The bath may be run from 
790°-1000°C, but maximum efficiency is obtained 
from 800°-850°C. Voltages over 2.0-2.5 volts must 
be used to obtain a satisfactory deposit. An upper 
current density limit of about 500 amp/dm* is 
necessary to avoid a very fine particle size deposit. 
An optimum initial K,ZrFs concentration lies in the 
range of 30-35 weight percent, although the process 
functions with less efficiency using baths of 140% 
KZrk 5. 

Zirconium produced by the fluoride process is of 
99.8-99.9% in purity with average values of about 
0.05% carbon, 0.05% oxygen, and 0.003 % nitrogen 
being obtained. It has a hardness of Rockwell B 
80-85. Aside from titanium and hafnium, metallic 
impurities are very low. 

The process, as developed to this point, gives a 
most applications. The 


product satisfactory for 

















| 
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prime factors contributing to this development are 
use of pure materials, a protective atmosphere, and 
a careful recovery procedure. 
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Corrosion Inhibition in Acid Solution’ 
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Department of Chemistry, New York University, New York, New York 


ABSTRACT 7 


Cylinders of iron, zinc, and cadmium were rotated in a highly corrosive solution of 


acid containing nitrate ion as a depolarizer, as described previously. Three kinds of 


inhibitors were added to the solution: (a) dichromate ion plus complexing or chelating 


agents for metal ions; (6) a wetting or emulsifying agent which is strongly adsorbed; 


and (c) a reagent which forms a very insoluble precipitate with ferrous and ferric ions. 


Measurements of the effectiveness of these inhibitors are given. 


INTRODUCTION 


As shown previously (1), iron, zinc, and cadmium 
dissolve at approximately the same diffusion or 
transport-controlled rate, in dilute hydrochloric 
acid with excess of a suitable depolarizer present. 
Low concentrations of dichromate ion reduce the 
dissolution rate considerably. Fluoride ion improves 
the inhibiting effect of the dichromate; presumably, 
it converts ferric and chromic ions formed to soluble 
complexes, and prevents precipitation of nonad- 
herent or porous hydroxides. 

One objective of the present work was to find if 
complexing or chelating agents for ferrous, ferric, 
and chromic ions would be generally effective as 
inhibition ‘“‘promoters’ with dichromate, and if 
any would be superior to fluoride ion in this respect. 

\ second objective was to investigate the effect of 
emulsifying certain water-insoluble chelating agents, 
and other insoluble compounds which have been 
reported to confer low reactivity to solid surfaces by 
strong adsorption. The emulsifying agents were 
found to be just as effective when used alone, and 
experiments with one of them are reported below. 

\s a third objective of this exploratory work, a 
search was made for a reagent which would form a 
very insoluble, adherent precipitate with the first 
metal ions dissolved, since this should be an effective 
method of inhibition. With iron, cupferron was found 
to be a good inhibitor of this type; unfortunately, 


the compound is not very stable in acid solutions. 


EXPERIMENTAL 


"he pure metals used were described previously 


The cylinders varied from 1.75 to 2.0 em in 
(iameter, and were always rotated at 15000 + 200 


Manuseript received June 10, 1953. This paper was 
ired for delivery before the Wrightsville Beach Meet 
September 13 to 16, 1953. From a Master’s thesis sub 
d by Edward Hillner in the Graduate School of New 

University. Work done under U. 8. Atomic Energy 


mission Contract No. AT (30-1)-816 with New York 


rsity 


cm/min peripheral speed. Cylinder lengths were: 
cadmium 2.6 em. 

No. 600° silicon 
carbide paper and weighed before each run; after- 


iron 3.2 em, zine 2.5 em, 
The metals were abraded with 
ward, they were wiped with filter paper wet with 
water or alcohol, rinsed with alcohol, dried, and re- 
weighed. Only total weight losses for the time speci- 
fied are given. Most of the experiments were carried 
out at room temperature, as given in the tables. 
For a reference corroding solution, a mixture 
containing 0.02.M HCl, 0.06.17 KNO 
each experiment with this and other mixtures, the 
250 the 
reagents change the pH, measurements were made 


was used. In 


solution volume was ml. Since some of 
with a Beckman meter. All solutions were exposed 
to the air. 

Many of the experiments were repeated once or 
more, and the reproducibility was, in general, no 
worse than +0.2 mg. When longer runs were made, 
or when the cylinders were reimmersed in the same 
or a fresh solution after weighing but without re- 
polishing, the corrosion rate usually increased with 
time. This was especially true of iron, where pitting 
was quite evident, as noted below. 

Dichromate of course cannot be used with reagents 


No such 


with cupferron, and dichromate was_ not 


which reduce it. reduction was noticed 
except 
needed in experiments with this compound. 
the 


grades. Cupferron (the ammonium salt of \-nitroso- 


Chemicals used were of best commercial 
phenylhydroxylamine) is commonly available for 
analytical purposes. Sodium gluconate and glucono- 
5-lactone were supplied by Charles Pfizer and Com- 
pany, Brooklyn, N. Y. Ethylene diaminetetraacetic 
(EDTA) diethylenetriaminepentaacetic 
acid (DTPA) were supplied by Alrose Chemical 
Providence, R. I. 


acid and 


Company, Thenoyltrifluoro- 
acetone (TTA) was from the Dow Chemical Com- 
pany, Pittsburg, Calif. 
RESULTS 
Table I shows the weight loss of the cylinders in 


the 0.02M HCl, 0.06.7 KNQOs solution alone and 
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TABLE I. Weight loss, mg in 5 min, in 250 ml 0.02M HCl, 
0.06M KNO,, 30 + 1°C, 15,000 em/min peripheral speed 


K2CreO; Fe Zn Cd 
76 78 148 
0.01M 5.7 4.8 6.7 


TABLE II. Weight loss in mg, in HCl, 0.06M KNO,, 
sodium gluconate, 28-30°C, 15,000 em/min 


. Gluco- |» - 
— ae KC) Time Wt loss oH 
M 
Iron 0.02 0.01 5 min ey 2.1 
0.02 0.01 0.01 5 1.4 2.1 
0.02 0.04 0.01 5 1.4 3.5 
Zine 0.02 0.01 - 5 44 3.3 
0.02 0.01 0.01 15 2.3 2.1 
0.02 0.04 0.01 15 —0.3 3.5 
0.03 0.04 0.01 2 hr —0.2 3.4 
0.04 0.04 0.01 3 hr —0.2 2.6 


with added K,Cr.O; under the conditions of these 
experiments. Without dichromate, about 50% of 
the acid is used up in five minutes, and if the initial 
concentration were maintained, the weight loss 
would be about 30% greater. 

Sodium gluconate is widely used as a complexing 
agent for iron and other metal ions. The salt in- 
creases the pH of the acid solution, and in some 
experiments additional HC] partly compensated for 
this. Results of experiments with gluconate are 
given in Table II. 

The dissolution rate of iron is decreased by the 
gluconate alone, even more when dichromate is 
present. In the latter solutions, the cylinder became 
coated with a light orange film, which wiped off 
easily with alcohol. On longer runs the dissolution 
rate became higher and the iron cylinder started to 
form pits. 

The gluconate-dichromate mixture was more 
effective with zine than with iron, being fully pro- 
tective for 3 hr at a pH of 2.6. The weight increases 
shown in Table II are probably due to an oxide film, 
although this was invisible and the metal surface 
remained bright. In the runs in which weight was 
lost the zine acquired a very light yellow film. 

In similar solutions containing dichromate and 
gluconate, a cadmium cylinder lost a few mg in 
5 min. 

Gluconiec acid is easily formed by hydrolysis of 
glucono-é-lactone. To obtain solutions containing 
gluconic acid with a pH of 1.8, the lactone was 
added to the 0.02M HCl, 0.06M KNO, mixture and 
the solution allowed to stand for about 2 hours. 
The corrosion rates with both iron and zine were 
larger than those given in Table II at pH = 2.1. 




































TABLE III. Weight loss in mg, in HCl, 0.06M KNX O, 
in solutions saturated with EDT A, 25°-28°C, 
15,000 em/min 


~ aan sae Time Wt loss Hf 
Iron. 0.02 - 5 min 7.0 1.7 
0.02 0.01 5 2.8 1.7 
0.01 0.01 5 0 2.0 
0.01 0.01 15 0.7 2.0 
0.01 0.01 2 hr 5.5 2.0 
Zine 0.02 5 min 96 1.7 
0.02 0.01 5 10 1.7 
0.01 0.01 2 hr 0 2.0 
0.01 0.01 20 hr 0 2.0 
Cadmium 0.01 0.01 5 min 3.1 2.0 


EDTA is not very soluble in water (about 0.005. 
and is commonly used in the form of the more solu} 


salts, as a sequestering or chelating agent in neutral | 
or basic solutions. In the present experiments, the | 
solutions were saturated with the acid form of the | 
compound, and in some cases the hydrochloric acid | 
was reduced to 0.01M to keep the pH near 2.) 7 
Dissolution experiments with EDTA are. sum! 
marized in Table III. With dichromate present the 7 
iron acquired a light yellow film, the cadmium 


light brown film; both rubbed off easily with alcoho 
The zine remained bright when no weight was lost 

DTPA has been reported to be a more effectiy: 
chelant for some metal ions in acid solutions tha 
EDTA. Solutions to which it was added, with a pl 
of 1.9, proved to be somewhat more corrosive thai 
those described in Table III. 


Citric acid forms chelates with both bi- and tri- 


valent metal ions (2, 3). Experiments were run with 


citric acid in the corroding solution as shown 1 
Table IV. 
A number of substances, added to a hydrochlori 


TABLE IV. Weight loss in mg in solutions containing 
citric acid, 0.06M KNO,, 21°-25°C, 15,000 em/min 


Citric 


HC! K.Cr.0; ~~ —_— Wt 
7 ul -_ Time heen pH 
Iron 0.2 5 min 2.4 | + 1.8 
. 0.01 0.2 5 9.0 1.80 
0.01 — 0.01 5 4.4 2.1 
0.01 | 0.01 | 0.01 5 1.3 2.1 
Zine 0.01 0.01 5 74 A 
0.01 0.01 0.01 5 0 2.1 
0.01 0.01. 0.01 1 hr 0.9 2.1 
0.01 0.01 0.01 3 hr 6.4 2a 
0.01 0.01 0.01 23 hr 21 ] 
Cadmium . 0.01 0.01 5 min | 85 l 
0.01 0.01 0.01 5 31 l 
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\BLE V. Weight loss in mg, in 0.5M acetic acid, 
).06M KNOs, pH = 2.4, 27°-29°C, 15,000 cm/min 


“om Time Wt loss 
: 5 min 5.5 
0.01 5 0 
0.01 3 hr 75 
Zine 15 min 986 
0.01 15 = 
0.01 48 hr +0.1 


acid-nitrate mixture or to nitric acid alone, decrease 
the dissolution rate of iron (4). Nitrate does not act 
well as a depolarizer with citric acid alone; the acid 
probably enhances protection by an air-formed 
oxide film. The same is true of sodium gluconate 
(Table II). 

Citric acid has no such protective effect with 
zine unless dichromate is present also.? The experi- 
ments with zine in Table IV were repeated several 
times with different cylinders of both SP and reagent 
yrade zinc, in runs of several hours duration. The 
weight loss averaged about 1 mg/hr, but it should 
be noted that an appreciable fraction of the acid is 
neutralized in 23 hr. The metal remained bright 
and shiny, but in every case two or three compara- 
tively deep pits appeared near the lower end of the 
rotating cylinder. At first it was thought that there 
were flaws in the metal but in the repeated experi- 
ments this proved not to be the case. 

Acetic acid.—lt Abramson 
King (4) that iron dissolves in acetic acid-potassium 


was shown by and 
nitrate solutions about one-tenth as fast as in strong 
the 
transport controlled. It has also been shown by 
Hackerman and Hurd (5) that dichromate reduces 


acids, indicating that rate is not diffusion- 


the corrosion of iron in air-free acetic acid solutions 
of pH near 3. The experiments of Table V were run 
to test the effect of dichromate in more concentrated 
acetic acid with air and nitrate ion present, with 
both iron and zine. 

Dichromate protects iron temporarily in this 
solution, but the effect breaks down and pits appear 
on the surface. When the iron was removed and 
repolished after a 1 or 2 hr run, it was again com- 
pletely protected for 5 or 10 min in the same solu- 
tion. The zine cylinder was left in the solution with- 
out dichromate for 15 minutes inadvertently. The 


Loss of dichromate is never important in the experi- 
\s. The concentration used, 0.01M, is twice the amount 
h gives maximum inhibition when used alone (1). 
e 15 meqs of dichromate was present in the solutions, 
g of zine (Table IV) corresponds to only 0.64 meq, 
ning that only dichromate was reduced. Nitrate may 


heen reduced as well, but there was no way of testing 
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effect of 


dichromate is 

cadmium was not similarly protected. 

Other complexing agents~—Many reagents form 

complexes or chelates with the metal ions concerned 

here, and some which looked more promising as 
” 


inhibition “‘promoters 
as mentioned below. 


protective remarkable; 


with dichromate were tried 


Sulfosalicylic acid forms soluble complexes with 
ferrous and zine ions (2), with ferric ion (3), and a 
rather unstable complex with chromic ion (6). When 
added to the dichromate-containing corroding solu- 
tion making the pH = 1.7, it increased the dissolu- 
tion rate of all three metals. 

Acetylacetone chelates with bi- and trivalent metal 
ions (3). When added in concentrations of 0.05 and 
0.1.M to the dichromate-containing corroding solu- 
tion, it reduced the dissolution to about 2 mg in 5 
min in all three cases. Visible films were formed; 
the chelates are apparently not very soluble. 

TTA was originally made to assist in extracting 
metal salts into nonaqueous solvents (7). It is slightly 
soluble in water, and with a trace of ferric ion added 
to the saturated solution, a pink coloration and 
eventually a precipitate appear. When the HCl- 
KNQOs;-K,Cr.O; solution was saturated with TTA, 
no effect was found on dissolution rates, however. 

Emulsions of TTA were no more effective than the 
emulsifying agent alone. The same was true of 
emulsions of reagents which are reported to be 
strongly adsorbed and to deactivate the surface of 
metals. Two such reagents tried were perfluoro- 
decanoic acid (8) and tricresylphosphate. 

Aerosol OT (dioctyl ester of sodium sulfosuccinate) 
was one of the emulsifying agents used. When it 
alone was added to the HCI-KNOs solutions, the 
results shown in Table VI were obtained. Dichromate 
did not increase the inhibition. The results indicate 
that 
metal surface becomes approximately saturated at a 


Aerosol is strongly adsorbed and that the 


low concentration. However, the adsorbed film is 
not completely protective. 
Cupferron.—This compound has long been used 


to precipitate ferric iron quantitatively (9). The 
TABLE VI. Weight loss, mg in 5 min, in 0.02M HCl, 


0.06M KNOQOs, with Aerosol OT; 25° + 1°C, 
15,000 em/min 


Wt loss 

Aerosol 
wt % 

Fe Zn Cd 
0.001 67 60 126 
0.005 2.5 1 ry 
0.01 2.9 1.7 0.9 
0.05 2.9 1.6 1.5 
0.10 2.5 1.5 2.5 
0.20 2.é 1.5 §.7 
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TABLE VII. Weight loss of iron cylinder, mg in 5 min, 
in 0.02M HCI, 0.06M KNOs, with cupferron; 
380°-33°C', 15.000 em/min 


Cupterron 


Wt loss aes aan Wt loss 
0.001 69 0034 -0.1 
0.0025 62 0.0038 —().1 
0.003 1.3 0.005 —().1 
0.0032 0.2 0.01 —().2 


TABLE VIIL. Weight loss of iron cylinder in mq, in 
cupferron solutions with 0.06M KNQOs, 0.4 gram 


acetphenatidin/liter, 15,000 em/min 


( nvtgen 5) —— We loss Temp, °C oH 
0.01 0.02 3 0.9 15-17 2.5 
0.10 0.02 19 0 14-20 5.2 
0.05 0.04 19 0.8 28-30 3.5 
0.05 0.06 19 5.3 28-30 2.0 


ferrous salt is similarly insoluble; both are no doubt 
chelates. Cupferron was found very effective in 
protecting iron in 5-min runs, as shown in Table 
VII. After each mim the iron was covered with a 
golden ’rown film, most of which came off with 
alcohol, leaving a very shiny surface. The small 
weight gain at concentrations above 0.0032./ must 
have been due to precipitate which was not re- 
moved. 

The protective effect broke down in longer runs, 
apparently due to decomposition of the cupferron. 
The compound is more stable at lower temperatures, 
and is possibly stabilized by the addition of small 
amounts of acetphenatidin (acetophenetidine) to 
the solution, as suggested by F. G. Germuth. Some 
experiments with various concentrations of cup- 
ferron and HC] are given in Table VIII. 

Cupferron does not act as an inhibitor with zine 
or cadmium, since no insoluble compounds are 
formed. 

Potentials of the corroding metals.—The potentials 
of the rotating cylinders were measured against a 
saturated calomel half-cell. In 0.02. HCl, 0.06.M 
IX NO, the values were as follows: iron, —0.48 volt; 
zine, —0.98 volt; cadmium, —0.71 volt. On addition 
of 0.01.M dichromate the potentials were decreased 
numerically (became less anodic) by 0.15 to 0.20 
volt. The solutions which gave best inhibition showed 
no greater, and generally a smaller effect. The 
potentials were followed for 5 min only, since there 
was no evidence of a rapid drift. The behavior is 
quite different from that of iron in neutral or slightly 
alkaline, aerated solutions of oxidizing or non- 
oxidizing inhibitors (10). 
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DISCUSSION 


Previously the authors (1) followed the view J 
Mayne and Pryor (12) that chromate acts as qj 
inhibitor by direct oxidation of iron to the oxic G 
probably after first being adsorbed on the met, 
surface. In the acid solutions employed here thy 
would apply to the dichromate ion, and to zine an 
cadmium as well as iron. To be protective, th 4 
oxide films would have to be of the anhydrous 


crystalline types which are not easily dissolved by 


acids. 

The ordinary dissolution of these metals has | 
be accompanied by a rise in pH at the surface; whe. 7 
nitrate is present, ammonium ion and other redw.9 
tion products are formed (11): 


iFe + NO, + 10H? 
— 4ket 

1Zn + NO, + 10H* 

‘Znt+ + NH, + 3H.O 


+ NH, + 3H,O 


It is quite possible that ferrous and zine hydroxide 
precipitate and are later redissolved. In fact, ‘t 
almost certain that the surface of iron is never quit 
clean in such solutions, at least in the presence of a 
Direct oxidation of the metal by dichromate als 
increases the pu at the surface. Since Cr.O 
Cr(OH), is formed in only small amounts along wil 
Fe.O,, even in chromate inhibition in neutral so! 
tions (12), Crt 


tions: 


is written in the following equ 


2Fe + Cr.O= + 8H* 

> FeO; + 2Cr*+**+ + 4HO 
3Zn + CrO;= + 8H* 

> 3Zn0 + 2Cre** + 4HLO 


If any ferrous ion is formed by reaction (1) it wou 
also be oxidized rapidly by dichromate, using | 
hydrogen ions. 

The function of complexing or chelating agen 
is, then, to prevent precipitation of oxides or bh 
droxides by forming Soluble complexes with iow 
not involved in forming the tightly adherent fill 
of impervious oxide. An alternative view is thi 
these reagents act to clean the surfece of air-forme: 
less protective films, thus allowing free access | 
dichromate ion to be adsorbed. Since fluoride ion ' | 
an effective promoter with dichromate ion on 21! 
its main action would appear to be to keep chrom! 
ion in solution rather than to clean the surfac 
However, it has been reported that chromic ai 7 
fluoride ions form a stable complex only very slow!! 7 
(13). Gluconie acid and EDTA are rather nons 
lective; it would be useful to have rapid, speci! 
chelants for each of the ions involved. 
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‘helants which form very stable complexes will 
ibably prove to be the best promoters with 
hromate. The chelates, however, must be soluble; 
etvlacetone forms moderately stable complexes, 


at is not very protective because a porous, ad- 
sorptive film is formed. Citric and _ sulfosalicylic 
vcids form the least stable complexes of the reagents 
used. TTA is too insoluble in water, and chelates 
are formed too slowly in the very dilute solution. 
EDTA forms very stable compounds with ferrous 
and ferric ions. Not many stability constants with 
chromic ion are known. 

It is possible that extremely stable chelates will 
prove undesirable in inhibition, since they may 
cause. rather than hinder, dissolution. It has been 
reported that inactive metals such as copper can 
dissolve, with evolution of hydrogen, in solutions of 
strong chelants for their ions [(3) p. 57]. 

The data show that protection is obtained more 
easily when the pH is above 2 than when it is lower. 
Gluconie acid, DTPA, and sulfosalicylic acid may 
have seemed more favorable at a somewhat higher 
pH. The effect of pH is evident with EDTA in 
Table III. At least two factors are involved: some 
chelants form weak acids, or chelate with hydrogen 
ion; and strongly acid solutions dissolve oxide 
films, or attack flaws in them, more rapidly. 

Cadmium is less easily protected than iron and 
zine in these acid solutions. This no doubt indicates 
that the oxide formed is more rapidly soluble in 
acids, or does not have a suitable crystalline form 
to be adherent and protective. The effect of a simple 


adsorption inhibitor (Aerosol) is at least as great as 
and iron (Table V1). 
is more difficult to protect than zinc, and 


On Zine 


lron 
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preliminary study shows that the reason lies in the 
nature of the iron surface as prepared for the ex- 
periments. The breakdown of protection in the best 
solutions (Table III) is accompanied by pitting, 
which is visible under a microscope at an early 
stage and in some cases definitely takes place along 
abrasion marks left in polishing. Finer polisning, 
or a short chemical etch, results in longer protection 
before pits become visible. This aspect of protection 
is under further study. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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Microstructure and the Corrodibility of Steel in 


Inhibited 


Hydrochloric Acid Solutions’ 
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Dowell Incorporated, Tulsa, Oklahoma 


ABSTRACT 


In a study of the corrodibility of steels it was found that the degree of annealing as 
measured by the resolution of the pearlite, the grain size, and the presence of the Wid- 
manstatten structure has considerable influence on the corrosion rate of the steels. Two 


acid inhibitors were examined in order to investigate materials which could be used 


satisfactorily to protect different grain structure steels during industrial applications 


of inhibited hydrochloric acid solutions. 


INTRODUCTION 


Heat treating a steel changes its resistance to 
corrosion by certain media (1). Under specific corro- 
sive conditions a martensite steel may have a differ- 
ent corrodibility than other structures such as ferrite 
with lamellar pearlite or spheroidite, and tempered 
martensite. Since the corrosion of a metal takes 
place upon its surface, which is composed of crystal 
corners, and disturbed 
crystal layers (2), and since the surface property of a 


faces, edges, boundaries, 
metal is a composite of all the properties of these 
many types of exposed surfaces, it is understandable 
that the corrodibility is related to the surface 
property of the metal. Thus, it is not too surprising 
that a major change in the grain structure of steel, as 
from martensite to pearlite and ferrite, has an influ- 
ence on the corrodibility of the steel; however, there 
seems to be very little information available as to the 
influence of only slight changes in the grain structure 
on the corrodibility of specific types of steel such as 
pearlite. 

The studies reported in this investigation of micro- 
structure and corrodibility were made on samples of 
steels which are in commercial use. In the examina- 
tion of the steels the following items were studied: 
importance of the degree of annealing of steels, the 
influence of grain size, the effect of Widmanstatten 
and spheroidite structures, the significance of cold- 
worked metal, and the value of two different types 
of acid inhibitors to protect metals of various micro- 
structures. It is realized that the preferred method 
of study is to vary only one variable, e.g., grain size, 
maintaining all others constant; however, the object 
of this investigation was somewhat different in that 
it was desired to know the effect of these various 
items in relationship to the other items upon the 

' Manuscript received July 3, 1952. This paper was pre- 


pared for delivery before the Detroit Meeting, October 9 
to 12, 1951. 
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steels in actual commercial use. It should be realized 
that, due to the nature of this investigation, definit 
conclusions as to the effect of any one variable cou 
not be measured. However, certain indications ca 
be pointed out when specific combinations of they 
items are present. Such information is of commercis 
importance. 


DEGREE OF ANNEALING 


Recently, it was reported (3) that the corrodibilit) 

of 16 different steels in 10% inhibited hydrochlor 
acid increased slightly with increase in carbon con- 
tent. Many of the steels did not show this relation 
ship as well as others, and, for this reason, the presen 
study was made of microstructures to determine its 
influence on the relationship of the corrodibility t 
carbon content. 
The various steels invest 
gated and their corrodibility in 10% inhibited hydro- 
chloric acid are given in Table I. The steels were 1! 
the form of tubing, with the exception of the SA-7), 
SA-212A, and SA-105I which were plate stock, and 
SA-7 and SAE-1035 which were forged boiler hand- 
hole plates. This table regroups data previous!) 
reported (3). 


Experimental results. 


The metals were then annealed and the corrosio! 
rates redetermined. With the majority of the metals 
there was no change, but with two of the SA-S3A 
samples, one of SA-192, one of SA-210, and with SA-53, 
SA-7, and SAE-1035, the annealed specimens gave 
lower corrosions rates. These last two steels migh! 
have been expected to give lower corrosion rates 
after annealing because of the change from a cold: 
worked structure produced from machining. The 
annealing was accomplished by heating the metal 
specimens for an hour at a temperature of 857°C 1 
a neutral salt bath, followed by slow cooling 
atmospheric temperature. 

The inhibitor used in concentration of 0.4 % in the 
hydrochloric acid solution was an aromatic nitro.e!- 
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unnealed 1950 0.21 
;\-53 annealed 2540 0.28 
\-70 1710 0.16 
A-83A 8.1 2780 0.17 
A S3A 8.2 4300 0.16 
\-83A 8.2 annealed 2200 0.16 
\-3A 8.3 7420 0.16 
\-83A 8.3 annealed 3030 0.16 
\-1051 2340 0.17 
54-1064 | 2680 0.23 
34-192 8.1 1810 0.16 
4-192 8.2 3180 0.17 
4-192 8.2 annealed 2640 0.17 
\-210 5.1 1740 0.32 
4-210 8.2 2780 0.29 
SA-210 8.2 annealed 2240 0.29 
SA-210 8.3 5270 0.35 
210 S.4 2680 0.24 
SA-212A 2440 0.28 
SAE-1035 7360 0.23 
SAE-1035 annealed 2680 0.23 
Boiler tube inner surface 31,100 0.15 
Boiler tube outer surface 2000 0.15 
Boiler tube outer surface an- 
nealed 1S60 0.15 


sulfur coal tar material. The inhibitor contained a 
saturated straight chain (average 10 carbon) hydro- 
carbon sodium sulfonate wetting agent to increase 
its efficiency (4). 

In the investigation of the microstructure by 
means of metallographic examination, the steel 
specimens were mounted, polished, and etched with 
oo nital. The specimens were examined under the 
microscope at various magnifications in order to 
resolve the pearlite. The results of this investigation 
are summarized in Table I. 

Discussion. In the metallographic study of the 
various boiler metals, it was found that of steels 
which were examined, all were pearlitic except the 
SA-53 which had a Widmanstatten structure. This is 
the structure obtained by heating to a relatively high 
‘emperature and then cooling rapidly. It is of interest 
'o note that the Widmanstatten structure 
inged to pearlite upon annealing, and this was 
mpanied by a decrease in corrosion rate. 

this study, the degree of annealing was de- 
nined by means of the magnification necessary to 


was 


Jowell Incorporated A25. 


Percentage carbon 








CORRODIBILITY OF STEEL 


TABLE I. Corrosion rates, grain size, and magnification required to resolve pearlite of various steels 


Grain size 


Medium-fine ASTM No. 
5-6 

Fine ASTM No. 6-7 

Fine ASTM No. 7 

Medium ASTM No. 5 

Very fine ASTM No. 8 

Fine ASTM No. 6-7 

Fine ASTM No. 7 

Very fine ASTM No. 8 

Medium ASTM No. 5 

Fine ASTM No. 7 

Fine ASTM No. 7-8 

Fine ASTM No. 7 

Fine ASTM No. 6-7 

Fine ASTM No. 6-7 

Very fine ASTM No. 8 

Medium-coarse ASTM No. 
3-4 

Very fine ASTM No. 8 

Fine ASTM No. 6-7 

Medium-fine ASTM No. 
5-6 

Medium-fine ASTM No. 6 

Fine ASTM No. 6-7 

Medium-fine ASTM No. 
5-6 

Medium-fine ASTM No. 
5-6 

Medium-fine ASTM No 

5-6 


Medium-fine ASTM No. 


5-6 


resolve the pearlite. The 
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Resolution of pearlite 





Partially 500 


Almost completely 500 
Almost completely 500x 


Partially 500x 

Partially 1000X 

Not resolved 1000 
Almost completely 500 
Not resolved 1000 
Partially 1000 

Almost completely 1000X 
Partially 1000 
Partially 500 

Not resolved 1000 
Partially 1000 
Partially 1000 
Almost completely 500 
Almost completely 500 
Partially 1000 
Partially 750 


Partially 500X 
Almost completely 500x 
Almost completely 500X 
Spheroidized 


Spheroidized 


Almost completely 100X 


lower the magnification 


necessary to resolve the pearlite, the more complete 
is the annealing. It was found that the degree of 


annealing varied considerably from steel to steel. In 


some of the steels, the pearlite was almost completely 
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1. Influence of the degree of annealing on the cor- 
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resolved at 500 diameters while in others the pearlite 
was not resolved at 1000 diameters. 

The influence of the degree of annealing on the 
corrodibility of the steels is given in Fig. 1, a previ- 
ously published curve (3) to which have been added 
shaded areas of corresponding degrees of annealing. 
It shows that degree of annealing has considerable 
influence on the corrodibility of steels in inhibited 
hydrochloric acid solutions. The more complete the 
annealing, the lower is the corrosion rate of the metal 
in the acid. This graph indicates that the variation of 
these data from the mean curve when corrosion 
rates are plotted against carbon content is partly 
due to the difference in the degree of the annealing 
of the steel. 


INFLUENCE OF GRAIN SIZE 

There has been considerable work (1, 5) reported 
as to the influence of grain size on corrodibility. At 
first glance, the work seems confusing, but, un- 
doubtedly when the complete system of metal, 
microstructure, and corrosive media are taken into 
consideration, the results are not contradictory. 
While it would be expected that the large crystals 
would be more stable than the small ones, there are 


other factors which must be considered, such as 

















Fic. 2. Microstructure of section of bifureate tube 
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presence and location of the cementite. In ada tig, 


to this, consideration has to be given as to which \ 
the most susceptible to attack by the corrosiye! 
media, the grain boundaries or the grain itse!!, |; | 


4 
would be expected that with inhibited hydrochloriel 


acid solutions the crystals would be more susceptib 
to attack than the cementite grain boundaries. If this 
is the case, then the large grains will be attacked j 
preference to the fine grains. 

In the study of the resolution of the pearlite of tly 
boiler steels, the grain size was determined. Th 
grain size of the majority of these steels varied fron 
medium fine to fine (ASTM No. 5-8); the on) 
exception was one of the SA-210 samples which had 
a medium-coarse (ASTM No. 3-4) grain. Upo 
annealing, this SA-210 sample had a very fir 
(ASTM No. 8) grain size and the corrosion rate wa: 
lowered slightly, from 2780 to 2240 mdd. 

A considerable amount of information as to th 
effect of grain size has been obtained from a stud) 








of microstructure and corrodibility of  bifurcate 


he 
} 
F 
i 
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tubes. The metallographic examination of the mets 


showed that the structure beyond the weld-hea' | 


affected zone, that is, the normal nonaffected meta 
was of a smaller grain size than were the grains in thy 
heat affected zone. When such tubes were exposed 
the nitrogen-sulfur coal tar inhibited hydrochlor 
acid solutions, pitting occurred in the areas of larg 
grains. The microstructures of a tube are shown 
Fig. 2 and 3. 

The upper part of the double tube end ({1], Fig 











kia. 3. Microstructure of section of bifureate tul 
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Ol, No. 2 


ed only a small amount of pitting and had a 
vrain structure ASTM No. 8. The metal farther 
» the tube toward the juncture between the 
ble and the single tube showed considerable 
ing in the area of larger grain structure ASTM 
. 6-7 ({2], Fig. 2) and ASTM No. 5-6 ((3], Fig. 2). 
Lelow the ptted area closer to the juncture was a 
tion of the double tube which had a very fine 
erain structure, ASTM No. 8 ({4] and [5], Fig. 2). 
‘The fine grains of this area merged into an area of 
({6], Fig. 2) 
which were pitted. A large pit was noted in one of 


slightly larger grains, ASTM No. 7, 


the tubes which was found to be inanareaof medium- 
fine grain structure, ASTM No. 6, ({8], Fig. 2). 

The section of the tube between the double and 
single tube was pitted and showed a fine grain struc- 
ture, ASTM No. 7, ({1] and [2], Fig. 3). The single 
end of the bifurcate showed pitting at and around the 
welded area. The crystal structure of the weld metal 
is shown by [4], Fig. 3 and of the heat affected zone 
by |3] and [5], Fig. 3. Below this area was a very fine 
grain, ASTM No. 8, which was not pitted. 

Whenever metal is welded together, there always 
seems to be a change in crystal structure (6) from 
that of the metal before welding, usually fairly fine 
grains going to a larger grain structure. The net 
result of the welding is to bring about an area of 
larger grain structure which merges on both sides into 
finer grain structures. The size, location, and amount 
; depends upon the 


; 
ol larger grain temperature 


gradient brought about within the metal by the 


welding process (7). 





TUBE NO.1 
CORRODED AREA 


TUBE NO.! 
NON CORRODED AREA 





BE NO. 2 
CORRODED AREA 


TUBE NO. 2 
NON CORRODED AREA 


+. Corrosion adjacent to welds. Magnification, ap- 


OX, 
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This change in crystal structure has been found 
also in boiler tubes which have been welded. In such 
tubes, a pitting type of corrosion has been found. 
The corrosion in these cases was discovered adjacent 
to the welds as shown in Fig. 4. The corrosion took 
place in the areas of large crystals and, in addition, 
in tube No. 2, the Widmanstatten structure was also 
found in the corroded area. 

Other investigations (8) have shown that in 
metals in which there is a variation of crystal sizes, 
the attack is in the areas of large grains. The steel 
tubing used in gas distillate wells is usually upset on 
the ends in order to reinforce the strength at the 
threaded areas. The process of upsetting changes 
the crystal structure, and, if the tube is not heat 
treated sufficiently, there are areas of coarse grain 
structure adjacent to fine grains. With the upset 
tubing, the corrosion has been found in the areas 
of coarse grain structure which are always adjacent to 
the fine grain zones. 

The reason for the pitting in the areas of large 
crystals seems to be due either to the large grains 
being more susceptible to attack, or to a galvanic 
effect of dissimilar metal structures in contact with 
each other. In studies of corrodibility in inhibited 
hydrochloric acid solution of metals possessing 
uniform but different grain structure, only slight 
variations in corrosion rates are found. This is shown 
in Table I]. These data were obtained at 74°C using 
SAE 1020 steel in nitrogen-sulfur coal tar inhibited 
10% hydrochloric acid solution. Thus, it is believed 
that the corrosion is caused in the main by the pres- 
ence of dissimilar metal structures and, secondarily, 
by larger grains. 


Errect OF WIDMANSTATTEN STRUCTURE 


The presence of Widmanstatten structure is fairly 
common in boiler steels. Such structures are usually 
found in tubes which have been welded and in forged 
handhole caps, as well as manhole plates. The 
presence of the Widmanstatten structure and its 
influence on corrodibility has already been men- 
tioned in the SA-53 steel of Table I and the boiler 
tube of Fig. 4. Additional information on Widman- 
statten structure is given in Fig. 5 which shows the 


photomicrographs of boiler handhole caps. The first 


TABLE Il. Grain size and corrodibility 


Corrosion rate, Magnification to 


Crystal structure 


mdd resolve pearlite 
Medium—ASTM No. 4 
and 5 1560 500 
Fine—ASTM No.7 toS8 1270 1000 
Very fine—-ASTM No.8 1320 Not resolved 1800 
Partially | spheroidized 
ASTM No. 6 1220 Not resolved 1800 
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CAP NO. 6 


CAP NO.5 


Fig. 5. Microstructure of boiler handhole caps. Magnifi 
cation, approx. 75X 


TABLE IIL. Boiler handhole caps 


Ca Grain size Corrosion Magnification to resolve 
ASTM rate, mdd pearlite 
l 56 585 Half at 1700x 
2 5-6 391 Nearly all at 1700 
3 7 830 No resolution at 1700X 
1 6 244 Nearly all at 400X 


four caps were exposed to the nitrogen-sulfur coal 
tar inhibited 3.5% hydrochloric acid solutions for 6 
hr at 65.5°C, and, of these, the only cap which 
showed any evidence of pitting was cap. No. 1. The 
corrosion rate, grain size, and magnification neces- 
sary to resolve the pearlite for the handhole caps are 
given in Table III. 

The structure of the steel in cap No. | is chiefly 
pearlitic with the presence of some Widmanstatten 
structure. The grain size is medium fine (ASTM 
No. 5-6). In cap No. 2 the grain size is about the 
same as that of cap No. 1, whereas cap No. 4 has 
somewhat smaller grain size; but in both of these 
caps the crystals are more regular in shape and there 
isno Widmanstatten structure present. In the case of 
cap. No. 3, the grain size is fine and irregular. It 
appears that this cap may have been forged while 
fairly cool; as a result, the grains which were broken 
up by the forging had little or no opportunity to 
reform. 


BOILER TUBE 
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BOILER TUBE 


INNER SURFACE . - OUTER SURFACE 
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BOILER TUBE 
INNER SURFACE 


BOILER TUBE 
' OUTER SURFACE 


Fic. 6. Intergranular oxidation and spheroidite. Mag 
nification, top, approx. 25x ; bottom, approx. 500x 


As in the case of the boiler metals discussed earlie: 
the degree of annealing as measured by the resolu. 77 
tion of the pearlite has considerable influence on the 7 
corrodibility of the handhole caps. 





SPHEROIDITE 


When the corrosion rate of a boiler tube take: 
from a superheater header of a high-pressure boile: 
Was measured in the nitrogen-sulfur coal tar i 
hibited 10% hydrochloric acid solution at 74°C, it 
was found that the inner surface of the metal hada 
higher corrosion rate than the outer surface. Th 
corrosion rate of the inner surface was 31,100 mdd 
whereas for the outer surface the corrosion rate wa: 
2,000 mdd, this latter result being about what would 
be expected for a steel containing 0.15% carbon. 

The photomicrographs of the inner and outer! 
surfaces of the boiler tube are given in Fig. 6. Th 
inner surfaces have been subjected to intergranula! 
oxidation, which may account for the high corrosio! 
rate. In regard to the outer surface, the pearliti 
areas are spheroidized. If the metal was originall) 
pearlite, then this indicates that the tube has bee! 
heated for a considerable period of time at a tempera 
ture of 590° to 700°C. 

The spheroidite can be changed into normal peat! 
ite by annealing. The corrosion rate of the annealed 
pearlite specimen was found to be 1860 mdd. This 
would indicate that the spheroidization of the 
pearlite does not have an appreciable effect upor 
the corrodibility of the metal in the nitrogen-su!fu! 
coal tar inhibited hydrochloric acid at 79°C. 

This conclusion agrees with the corrodibilit 











OL, No. 2 


| atory-formed spheroidite as is given in Table 
1; [n this connection, it is of interest to note that in 
th. case of gas distillate well tubing (8, 9) the steel 
nore susceptible to attack when the pearlite 

becomes spheroidized. The reason for this was 
WB believed to be due to the corrosion protective film 
which, because of the crystal structure, gives better 
protection to pearlite than to spheroidite. It may 
be that the hydrochloric acid removes this protective 
film, resulting in spheroidite and pearlite steels hav- 
ing about the same corrosion rates in inhibited acid 


, 





solutions. 
PRESENCE OF CoLp-WorKED Meta. 


In the construction of steel equipment, it is often 
necessary to use stressed metals. Boilers contain a 
considerable amount of cold-worked or stressed 
metals such as the rolled tube ends, the machined 
surfaces on the handhole caps, and the seats for these 
caps in the headers. When such metal is exposed to 





[the usual inhibited hydrochloric acid solutions, 
pitting may occur in the stressed areas. 





rlier, Fy A handhole cap was subjected to 5% hydrochloric 
solu. PH acid with the nitrogen-sulfur coal tar inhibitor for 
i the PE 19 periods of eight hours each at 65.5°C. It was 


mounted in a manner simulating boiler conditions so 
that acid contacted only the underside of the cap. 
The lip was pitted and a deep groove formed at the 





ake point of contact between the handhole cap and 
oiler gasket. The crystal structure of the lip is given as 
‘~ cap No. 5 in Fig. 5. The grain size is rather large and 
ms angular, which indicates a stressed condition within 
os * TE the metal. It is possible to change the crystal struc- 
ot Me ture of the handhole caps by annealing to give caps 
ies which are more resistant to corrosion. 
ould A similar handhole cap was annealed and then sub- 
re we jected to the nitrogen-sulfur coal tar inhibited 5% 
ter 5 hydrochloric acid solution. There was very little 
Th e corrosion on the annealed plate. Its crystal structure 
rular iM is shown in Fig. 5, cap No. 6. Annealing reduced the 
Isi0l z grain size somewhat and the crystals are not angular. 
rlitic 
‘ally i Krrect OF DirrerRENT Types OF INHIBITORS 
bee! i Since industrial equipment is designed and built 
ere ‘ with steels containing different crystal structures 
oe Which it is impossible to change once the unit is 
earl: erected, it becomes necessary to select the inhibitor 
sled See ‘or the specific crystal structure conditions. In order 
his (o determine the effect of other inhibitors to prevent 
the the pitting type of corrosion as obtained by the 
7 uitrogen-sulfur coal tar inhibited acid solutions, 
- ; l¢ were performed using a rosin amine-ethylene 
3 a ° condensate as an inhibitor. This material 
&¢ thanol RAD-1112 (13) is surface active and 
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functions as a combination inhibitor and wetting 
agent to prevent the attack of acid more effectively. 

Using the polyethanol amine inhibitor in 5% 
hydrochloric acid solution, an unannealed handhole 
cap was treated. It showed slightly more attack than 
the annealed one above, but was much better than 
the unannealed one exposed to the nitrogen-sulfur 
coal tar inhibited hydrochloric acid solution. 

Another comparison between the nitrogen-sulfur 
coal tar and the polyethanol amine inhibitors was 
made using bifurcate tubes. Two bifurcates which 
had identical crystal structures were subjected for 
16 periods of six hr each to 7.5% hydrochloric acid 
solutions inhibited with these two materials. 

In the case of the nitrogen-sulfur coal tar inhibitor, 
the acid caused pitting in the areas of the large 
crystals, and in these same areas Widmanstatten 
structure was also present. The tube subjected to the 
polyethanol amine inhibited acid solution did not pit 
even though the tube had the same crystal structure. 
An investigation of other bifurcate tubes containing 
only dissimilar metal structures, medium and fine 
grain, but no Widmanstatten structure, has shown 
that the polyethanol amine inhibited hydrochloric 
acid solutions do not cause pitting, whereas the 
nitrogen-sulfur coal tar inhibited hydrochloric acid 
solutions do. 

The reason why the polyethanol amine is a more 
satisfactory inhibitor for hydrochloric acid solutions 
than a coal tar material, when dissimilar grain sizes 
and Widmanstatten structure are present, is not 
understood at this time. Part of the explanation may 
be that the polyethanol amine molecule is both a 
wetting agent and an inhibitor, whereas in the case 
of the coal tar inhibitor two different chemical 
molecules are used, a wetting agent and an inhibitor. 


CONCLUSIONS 

This investigation indicates that the crystal 
structure of the metal has considerable influence on 
its corrodibility in inhibited hydrochloric acid solu- 
tions. The more complete the annealing, as meas- 
ured by the resolution of the pearlite, the lower is the 
corrodibility. When there is a variation in the grain 
size, pitting occurs in the area of larger crystals. This 
may be due, in part, to the larger crystals, but what 
seems to be more important is the presence of two 
dissimilar metal structures. The corrodibility is 
increased by the presence of Widmanstatten struc- 
ture and cold-worked metal, whereas very little if any 
effect is obtained by spheroidizing the pearlite. The 
degree of influence of these various crystal structures 
is dependent upon the inhibitor used in the hydro- 
chlorie acid solution. The effect is much more pro- 
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nounced in the case of a nitrogen-sulfur coal tar 
type inhibitor than with a polyethanol amine type. 
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sitive D-C Corona on Polyethylene-Insulated Wire in 


D. S. Roppeii,? J. B. Warreneap, AND C. F. MILLER 


The Johns Hopkins University, Baltimore, Maryland 


ABSTRACT 


An investigation of an appar 


‘it anomaly in the electric strength of air about poly- 


ethylene-insulated wires, under atmospheric conditions, when direct voltages are 


applied to the wire is described. Results show that the air surrounding the wire does 
break down when the gradient, due to the applied voltage, exceeds the accepted value 
for the electric strength of air, but the discharge is not maintained. An explanation of 


this self-quenching action is given. 


INTRODUCTION 


The corona discharge has been known and studied 
for many decades (1). The major objective of these 
juvestigations was either to establish accurate 
juantitative laws governing this phenomenon, or to 


xplain the mechanisms involved in terms of funda- 


Mmental processes (2-6). 


From the work done to the present, it is felt that 


Bihe corona discharge, in principle, is understood in 


terms of fundamental processes (3-5). The ‘“‘Law of 
Corona’ has been established as a valid empirical 
criterion for corona formation. 

Some recent work at the Naval Research Labora- 
tory (Appendix I) indicates an anomaly in the forma- 
tion of positive corona on polyethylene-insulated 


wire in air under atmospheric conditions. It is the 


purpose of this paper to explain this apparent 
departure from a heretofore well-established law. 
For the relatively simple geometry of a coaxial 


Sarrangement of a bare, round wire and a conducting 


Bathe 


outer cylinder with a potential difference between 
them, the gradient at the surface of the central 
conductor is given by 
ie oe V 
rin R/r 
where V = the applied potential difference, r = the 
radius of the inner conductor, and R = the inner 
radius of the outer cylinder. 
It is known from the Law of Corona (1, 7, 8) that 
voltage gradient, at the surface of a wire of 
radius, r, at which the initial formation of corona 


OCCUTS Is given by 


gy = Amb + Bm 4 ° max kv/em 


lanuseript received June 26, 1953. This paper was pre- 
p lor delivery before the New York Meeting, April 12 


1953. 


esent address: General Electric Research Laboratory, 
ctady 


where A and B are constants, m is an irregularity 
factor (= 1 for smooth uniform wires), and 6 is the 
density factor (= 1 at STP). 

So accurate is this law for predicting corona onset, 
that 
has been used as a secondary high voltage standard 
(9). 

The theory of the positive corona discharge re- 


a Corona Voltmeter built upon this principle 


quires that there be one free electron in proximity to 
the corona-forming surface in order to initiate the 
avalanches (3, 4). The only requirement of the anode 
surface is that it establish an electric field at its sur- 
face which exceeds the dielectric strength of the air. 
Thus, assuming a smooth cylinder at atmospheric 
conditions, specification of only the radius of curva- 
ture establishes, by the Law of Corona, the critical 
gradient at the surface of the cylinder. 

From the foregoing considerations, for a coaxial 
arrangement of cylinders with the outer being a 
conductor and the inner being at a positive potential 
with respect to the outer cylinder, and as long as the 
inner cylinder has quantitatively describable param- 
eters, the field may be calculated, and prediction 
of the applied voltage that yields corona is possible. 
Corona onset is usually established by a visual glow, 
an audible hiss, or observing the abrupt increase in 
the average current flowing to the electrode. For 
polyethylene-insulated wire as the inner cylinder 
and positive direct voltage applied, no such indica- 
tions can be observed (for alternating voltage no 
Direct 
ceeding ten times predicted onset values fail to yield 


discrepancy is encountered). voltages ex- 
corona in this sense, and result in dielectric rupture 
of the polyethylene (see Appendix I). 

This would indicate an anomaly in either the 
dielectric strength of air, or in the Law of Corona, 
both well-established. This paper will give experi- 
mental evidence that neither of these properties are, 
in reality, violated, and the explanation will be given 
which anticipated these results. 





| 
| 
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DESCRIPTION OF APPARATUS 

The direct voltages required for the experimental 
work were obtained from two power supplies, both 
having outputs positive with respect to ground. The 
first was a (0-22.5)-kv doubler rectifier; the second 
d-c supply was a (0-30)-kv r-.f. rectified type. 

The 60 eps alternating voltage employed was 
obtained from a G.E. testing transformer. The 
step-up voltage ratio of this transformer is 150:1 
when connected as used. 

The polyethylene wire samples were in two sizes. 
One’ was the aircraft antenna wire on which the 
phenomenon was first observed; the outer diameter 
of this wire is 0.462 em (0.182 in.), the central con- 
ductor diameter is 0.128 em (0.0505 in.). The other 
polyethylene wire was obtained from the American 
Phenolic Corporation, and has an outer diameter of 
0.292 cm (0.115 in.), and an inner conductor diameter 
of 0.08 em (0.0315 in.). A bare brass rod of 0.3175 
em (0.125 in.) diameter and a bare copper rod of 
0.203 cm (0.081 in.) diameter were also employed, 
as described in the next section. 

The two outer cylinders used had inside diameters 
of 2.34 em (0.910 in.) and 1.27 em (0.50 in.). The 
2.34-cm (0.910-in.) cylinder was 20.3 em (8 in.) long; 
the 1.27-em (0.50-in.) cylinder was 30.5 em (12 in.) 
long. Both of these cylinders had, attached to their 
ends, cylindrical wooden fillets, flaring outward, with 
a radius of curvature of about 2.5 em. The inner 
surface of these fillets was covered with several 
coats of Du Pont conducting silver paint (No. 4817) 
which was carried into the cylinder itself far enough 
to insure an equipotential surface. The purpose of 
these fillets was to decrease uniformly the gradient 
on the wire as it left the cylinder. The same conduct- 
ing paint was also used to make a tight-fitting outer 
cylinder on the 0.462-cm (0.182-in.) polyethylene 
wire when examination of the polyethylene alone was 
made. 

The central wire was used in lengths of about 61 
em (24 in.). It was mounted in a tower made of wood, 
Bakelite, and ceramic insulation. The members of 
the tower were coated with Dow-Corning four- 
silicone compound in order to minimize surface 






































Fic. 1. Cireuit for current wave shape observations 
I 


February 19), 


leakage. Several small Lucite disks were male 
assist the centering of the wire and cylinder. ‘hey 
disks had a central hole, 0.00254 em (0.00! jy, 
larger than the wire diameter, and an outer diarnete 
0.00254 em (0.001 in.) smaller than the cylinder wit) 
which they were to be used. When the wire wa 
drawn tight by means of brass machine screw 
soldered to its ends, and the appropriate disks placed 
on the wire, the cylinder holder was adjusted unti 
the Lucite disks dropped through the cylinder. The 
cylinder holder was then locked in place by suitably 
placed bolts. 

A Tektronix 511 A.D. oscilloscope was used fq 
observing the charging current wave form. Perma. 
nent records of these wave forms were made photo- 
graphically using a DuMont Type 296 oscilloscope 
record camera. The oscilloscope was equipped with 
a SCPIIA cathode ray tube to obtain an easily 
photographed trace. Voltage applied to the oscillo. 
scope was obtained from a voltage divider through 
which the charging current passed. This divider was 
constructed of forty 3.3 megohm resistors in series in 
the upper arm; the lower section was usually one 33 
megohm resistor, but another could be paralleled 
with this to change the division ratio by a factor o/ 
approximately two. A very low capacity shielded 
cable (7 wuf/ft at 1000 eps; 3-ft length) connected the 
upper and lower sections of the divider. The voltage 
divider was reasonably compensated for capacity 
without further adjustment, as was indicated by its 
attenuating a 100-ke square wave without noticeab) 
change in wave shape. The voltages were applied 
directly to the vertical deflection plates of the cath- 
ode ray tube in order to avoid any distortion thal | 
might be caused by the transient response of the | 
input amplifiers and associated circuitry. 

The high voltage switching was obtained using : 
Western Electric Type 217-B rapid close relay. Th 
relay was operated on 25 volts d.c. A secondary se 
of contracts on the relay was used to trigger tli 
driven sweep of the oscilloscope; this allowed a tim 
delay between the start of the sweep and the applica 
tion of the high voltage to the specimen. The voltag 
wave obtained was a good approximation to a ste) 
function for the purposes of investigation. 

Measurements of total charge were made using } 
ballistic galvanometer whose undamped characte! 
istics are: sensitivity--0.002 microcoulombs ‘mm 
(on a scale 1 meter distant); C. D. R. X.— 900! 
ohms; period—-30.5 sec; resistance--2325 ohms 

An Ayrton universal shunt with a resistance 10,00) 
ohms was used to obtain nearly critical dampint 
resistance. 

Also employed were a General Radio Type 7!6-! 
capacity bridge, and a General Radio beat frequen” 
oscillator, Type 713-B. 
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© .292 
WIRE 


CM. POLYETHYLENE INSULATED 
IN 127 CM. OUTER CYLINDER. 








Fic. 2. Current vs. time 


tir; 0.292 em polyethylene-insulated wire in 1.27 em outer 


polyethylene-insulated wire 
inder 


Vii ASU REMENTS, OBSERVATIONS, AND RES LTS 
Current Wave Shape 


The circuit employed in observing current wave 
shape is shown in Fig. 1. The voltage supply available 
at the time these data were recorded had a maximum 
output of 22.5 kv. The current wave shapes shown 
throughout this paper have, for their axes, ordinates 
proportional to current, and abscissae proportional! 
to time. The time between the left and right vertical 
the 0 and 10th horizontal divisions), 


grid lines (1.e., 


unless otherwise noted, is 3 X& 10° microsec. The 


ordinate seale is of interest in relative magnitudes 
between wave shapes of a given set, and is the same 
lor a given set, unless otherwise noted (its value is 


\0 microamp/ vertical division). These coordi- 
ules shall be referred to hereafter as ‘‘normal.”’ 
2 shows a typical set of current wave shapes 
if vethylene-insulated wire in a conducting outer 
, er. Fig. 3 shows current wave shapes for bare 
Ut wires, 


‘amine what primary contribution the poly- 


POLYETHYLENE-INSULATED WIRE 








CM. OUTER CYLINDER. 


0.2055 CM. COPPER ROD IN 2.3) 











Fig. 3. Current vs. time—bare central conductors in air 

ethylene might make to the wave shapes (in the 
sense of interfacial polarization, etc.) when it is part 
of the dielectric circuit, some observations of current 
wave shapes for polyethylene alone were made. This 
was accomplished by excluding air from the concen- 
tric arrangement. The 0.462-cm (0.182-in.) wire was 
covered along a central section, about 30.5 em (12 
in.) in length, with several coats of conducting silver 
paint. When dry, this painted surface was a tightly- 
fitting, outer conductor. With this arrangement as 
the coaxial specimen, photographs of the current 
wave shapes were made. These are given in Fig. 4. 


Measurement of Total Charge 


Employing a ballistic galvanometer, measurement 
of the total charge flowing to the coaxial arrange- 
ments of polyethylene wires in the two outer cylin- 
ders was obtained for various voltages up to 30 kv. 
The Ayrton shunt was used to assure a constant 
value of damping, and one which was very closely the 
critical damping resistance for the galvanometer 
used. The shunt was used throughout at a multiply- 
ing power of unity. Since, for a given arrangement, 
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Fic. 4. Current vs. time—polyethylene-insulated wire 
in tight-fitting outer evlinder 
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Fic. 5. Voltage vs. charge—polvethylene-insulated wire 


the external circuit parameters are not changed, the 
deflection of the galvanometer is directly propor- 
tional to the total charge which flows, provided only 
that the time of charge flow is much less than the 
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Fic. 6. Voltage vs. charge—polyethylene-insulated win 
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Fic. 7. Capacity bridge circuit 


period of the galvanometer (10). This is realized 
these measurements since the time for charge flow \: 
of the order of 0.02 sec, and the period of the galv: 
nometer is 30.5 sec. 

Fig. 5 and 6 show plots of initial deflection of th 
ballistic galvanometer (in centimeter on a scale 
meter distant) as abscissa vs. applied voltage 
ordinate. The abscissa is directly proportional | 
total charge. Each point represents the average of a! 
least three observations. The deviation is not great 
than 3%. 


Auriliary Observations 


Using the General Radio 716-B capacity bridg 
the General Radio beat frequency oscillator 713-) 
and associated apparatus connected as in Fig. ‘ 
capacity measurements were made using a substitu: 
tion technique. With the circuit opened at [A], the 
bridge was balanced with the 0.004-uf capacitor an¢ 
the 500-kilohm resistor in parallel in the unknow! 
arm. The specimen arm was then connected, and thi 
capacitor, C,, was readjusted to balance the br dge 
The direct voltage was then slowly raised from () t 
22.5 kv, while watching the oscilloscope for a ch ing 
in the balanced condition. 
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= 
HX he case of the 0.318-em (0.125-in.) brass rod in 
| PR. «1.27-em (0.5-in.) outer cylinder, the bridge 
ape ne unbalanced at a voltage very close to theo- 
urea] ? et, al corona onset value; the amount of unbalance 
. a a» ostimated from the amplitude of the signal on the 


scilloscope) increased as the voltage was incr -ased. 
When the 0.292-em (0.115-in.) polyethylene-insu- 
Whated wire replaced the brass rod and the same pro- 
dure was followed, a momentary unbalance was 
sbserved as theoretical corona onset voltage was 
reached, but the balanced condition was reestab- 
lished in less than 1 sec. The bridge settings remained 
intouched. As the direct voltage was further in- 


















reased, similar unbalances were observed, but these 
iso returned to the balanced condition in a short 


eR) ime (less than 1 sec) without any external changes 

win o the apparatus. These same observations were 
noted for bridge frequencies from 1000—20,000 cps. 

TO 

SCOPE TABLE I. Corona onset values in kv for the 


geometries investigated 
\-C values are given as peak, i.e., 1/2 * rms) 8.LC. 
for polyethylene taken as 2.35 








CENTRAL |POLYETHYLENE INSULATED BRASS COPPER 
CONDUCTOR} 462 CM. 292 CM. 3175 Oa 2055 CM 
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25.35 21.3 7.3 15.0 
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60 CPS and D-C Corona Onset Measurements 








of the 
ale | Measurements of corona onset voltages were made 
ge a Wifor the configurations for which a normal type 
al ty Pagecorona could be observed. The results are given in 
of at Pam Table T along with the calculated values. Onset was 
‘eater Paggcetermined by a microammeter in series with the 
SMespecimen in the d-c case, and a neon bulb across 
TH part of a series resistance for the a-c case. An audible 
5 hiss accompanied the onsets observed. 
a Discussion OF ResuLTS 
ie 7 Mxamination of the charging current vs. time 
titu: Page U'Ves for the various configurations reveals that, for 
the id values of voltage well below calculated corona onset, 
ved a the hape of the curve is the exponential form, antic- 
.™ ipated for a capacitor in series with a resistor. In the 
ithe [agg dea! case, where there is no inductance present, the 
vider i init amplitude of such a current form is given by 
0 to ; i Il’ where E is the magnitude of the step function 
nge Ea YO!' ee Wave, and R is the series resistance; further- 
- ‘he rise is instantaneous and the exponential 
ce 


egins distinctly at the peak of the initial rise 
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with no rounding of the peak. However, due to the 
finite inductance present in any physical network, 
these ideal conditions are only approximated, and 
there is noted the rounded peak and initial slope of 
the leading edge. This departure from ideal is also 
contributed to by the form of the step function 
voltage wave, itself an approximation. 

As the amplitude of the applied voltage approaches 
the predicted onset value for the configuration (see 
Table I), secondary peaks are observed. These occur, 
in time, a few milliseconds after the initial peak. It is 
to be noted here that the voltage actually appearing 
across the coaxial cylinders is not the step function 
voltage wave, but something of the form of an 
increasing exponential whose asymptotic amplitude 
is equal to the amplitude of the step function voltage 
applied. In fact, the voltage across the cylinders vs. 
time would closely resemble the current wave form 
inverted. 

These secondary peaks occur in all cases when the 
applied voltage amplitude is in the vicinity of cal- 
culated corona onset. In the case of the bare center 
conductor, however, as the voltage exceeds the 
corona onset value, the current stops decreasing with 
time and assumes a steady value whose magnitude is 
determined by the applied voltage and the geometry. 
That is, the magnitude of the steady corona current 
is that value for which the potential drop in the 
series resistance, subtracted from the applied voltage 
amplitude, leaves a value of voltage across the 
cylinders which is equal to or greater than the 
critical corona onset value. For the insulated wires, 
no such steady-state value is ever observed; regard- 
less of the form and number of the secondary peaks, 
the current magnitude tends toward zero with 
increasing time. From the time scale on the current 
vs. time curves, it is seen that the current is essen- 
tially zero within 3 X 10‘ microsec for the insulated 
wires (the value being somewhat different for each 
configuration due to small differences in geometric 
capacity ). 

Any steady current beyond this time would be due 
to interfacial polarization—d-c leakage and/or 
volume conduction in conjunction with a corona 
discharge. 

That polyethylene has practically no interfacial 
polarization could be assumed after examination of 
the published data of dielectric constant vs. fre- 
quency, which is essentially constant from d.c. to 
well beyond 100 megacycles/sec. 

Interfacial polarization manifests itself as a drop 
in the dielectric constant accompanied by an increase 
in the absorption (loss) (11). This occurs within the 
lower frequency end of the electromagnetic spectrum 
for materials with high resistivities (polyethylene 
has a resistivity of the order of 10° ohm-cm). 








| 
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The results obtained show that for polyethylene 
alone there is no indication of appreciable steady- 
state current. 

The maximum voltages employed on the 0.462-cm 
(0.182-in.) polyethylene wire alone exceed the maxi- 
mum stress when this wire is employed in the normal 
air-surrounded configurations. Hence, any contribu- 
tion to the charging current wave shape by the 
polyethylene, in a primary sense, would be repro- 
duced here for the polyethylene alone. There is no 
indication that anything of the correct order of 
magnitude is present from these data. 

Surface leakage current over the specimen and 
apparatus would be observed on these same data. 
Examination reveals that if any surface leakage, 
volume conduction, and/or interfacial polarization 
exist in or on the dielectric circuit studied, their 
magnitude combined is too small to be observed by 
the techniques employed here, and for the purposes 
of this investigation they can be considered negli- 
gible. 

From the data of the polyethylene alone, it is 
clear that any internal discharges (due to voids, for 
example) would appear on the current-time trace 
as discontinuities in the exponential decay. Austen 
and Hackett (12) report these void discharges in 
extruded polyethylene cable, occurring at a maxi- 
mum stress of 46.9 kv/em for 50 eps. This stress 
corresponds to 7.8 kv applied to the 0.462-cm (0.182- 
in.) polyethylene wire alone; from the data no 
such discharges are observed for the direct volt- 
ages employed. The discharges reported by Austen 
and Hackett occur in the order of 10-7 sec, and 
hence if these occur in the 0.462-cm (0.182-in.) wire 
used here, they might not be seen due to time con- 
siderations alone. Furthermore, it is quite likely that, 
since the mechanisms of the a-c and d-c discharges 
are somewhat different, the void discharges may not 
occur at all in the d-c case for this value of stress. 

If the secondary peaks of the current wave shapes 
are not due to primary contributions of the poly- 
ethylene, then they must be due to temporary 
breakdown of the air surrounding the inner cylinder, 
this breakdown becoming permanent in the case of 
the bare center conductors when the applied voltage 
exceeds the corona forming gradient. In the case of 
the polyethylene-insulated wire, some mechanism 
exists which prevents permanent breakdown of the 
air for applied d-c potentials exceeding the critical 
value. The fact that the air molecules actually are 
ionized when voltages exceeding the critical value 
are applied should lead to an increase in the total 
charge that would flow in the circuit if they did not 
ionize. This is, in fact, verified by the results of 
applied voltage vs. total charge (measured with a 


ballistic galvanometer) for the configurations ep, 
ploying polyethylene wire and air. 

The slope of the voltage vs. total charge plots j 
proportional to the reciprocal of the effective apy. 
ity of the configuration during the time of charg 
flow. It would be expected then that the capacin 
would be different at voltages above critical coroy 
value. This was observed as a transient condition ; 
the capacity measurement using the superpositic 
technique described. When the charge stopped 
flowing, the effective capacity returned to 
previous value. For the bare conductor as th 
central member, when the direct voltage exceeds 
the critical corona value, there was a maintains 
change in capacity as long as the direct voltage wy 
applied. 

THEORY AND CONCLUSIONS 

The criterion for a self-sustained corona dischary 
about a conductor, at a positive direct voltage, my 
be written [after Loeb (3)] as 


Bf (exp / a i) = | 


Where f = factor giving the number of photons pro : 
duced by an electron avalanche capable of photo 
ionizing the gas; 8 = the geometrical chance factu F 
that these photons will ionize the gas molecules anf 





build up the discharge; the expression 


(exp | a iz) 


represents avalanche formation due to ionization | 
a single electron as it moves from a + r in the ga 
to r (the surface of the corona-forming electrode J 
a = the first Townsend coefficient, representing th 19 
number of ionizing collisions per unit path length 
the direction of the field. The position r + a is tl 
location in the gap at which the field is great enoug) f 
to give a a value different from zero. 

When the electron avalanche arrives at the ano¢ 
it is absorbed; in its wake it has left many excite’ § 
atoms and positive ions. Production of other ele 
trons to initiate new avalanches is due, according ' 
the classical Townsend theory, to positive 
bombardment of the cathode. Loeb (3, 5, 13) aw & 
English (14) present evidence that this is not neces 
sary, but that photo-ionization of the gas due | 
photons emitted from excited gas atoms is sufficie!’ 
to produce the required electron to trigger the ne’ 
avalanche. This electron must occur in the gap 4! 
distance r + a, or greater, in order to satisiy tt 
previously mentioned criterion. The only furth 
requirement is that the applied field be main‘ aine’ 
in the gap so that a shall not become zero. 

In the preceding sequence, the surface at r vas! 
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0 tor. If this conductor is now covered with a 
10) isulator, such as polyethylene, then the elec- 
ro. avalanches reaching this surface cannot be 
sbsorbed, either conductively through the dielectric, 
1 as absorbed charge in the interfacial sense. They 
must, therefore, reside on the surface and, as such, 


become a negative surface charge on the dielectric 
(perhaps a space charge very closely surrounding the 
dielectric). The field, due to this surface charge, will 
be superimposed on the field due to the applied sys- 
tem voltage. This clearly reduces the field strength 
in the gap. If the resultant field is still high enough 
to give a a Value different from zero, so that another 
avalanche may follow, then this electron avalanche 
succumbs to the same fate as its predecessor, and the 
charge contained in it adds to the previous surface 
charge to further lower the electric field strength in 
the gap. By this process, a condition is reached where 
a is negligibly small, and no more avalanches are 
possible at the same applied voltage. 

If the voltage is now increased, more negative 
charge builds up around the insulating surface, and 
equilibrium is again established in the gap. This 
process of increasing voltage is culminated when the 
dielectric strength of the insulation has been reached 
due to the resultant field. What is occurring in the 
configuration is that the electric field in the air gap 
is being maintained at a value just below critical 
approximately 30 kv/em) by the 
charge process, whereas the field in the dielectric is 


(1.e., surface 
much greater than would normally exist without the 
surface charge. A simple calculation reveals that only 
| particle in 10" need be ionized to supply sufficient 
charge to reduce the field strength below corona 
value for the configurations used here. The stress at 
breakdown for the N.R.L. data (Appendix I) is of 
the order of 3000 kv/em in the polyethylene. Al- 
though this seems quite high, it is known that in 
highly uniform geometries the intrinsic dielectric 
strength may be approached, and this for good, 
solid dielectrics is in the range of 107 volts/cm. It is 
quite likely that this ratio of electric stresses of 
about 100:1 in the configuration is the answer to why 
the outer eylinder size of the N.R.L. data makes 
only a small difference in the rupturing value of 
applied direct voltage required for the concentric 
arrangement of polyethylene wire in air. When the 
dielectric breaks down, the surface charge in the 
Vicuuity of rupture is absorbed by the inner conduc- 
tor, and breakdown of the total gap follows by the 
previously deseribed mechanism. 
first pulse (after initial peak) observed on the 
| traces presented in the data corresponds, 
re, to the arrival of the voltage applied to the 
cylinders, to a value which allows an ava- 
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lanche to occur in the gap. The secondary pips on 
the current traces are secondary avalanches which 
may occur only for higher voltages since now a sur- 
face charge exists on the polyethylene (the voltage 
across the cylinders is increasing approximately in 
an exponential fashion, as noted earlier). The field in 
the gap is distorted due to surface charge; these 
secondary avalanches, therefore, are not as sharp or 
well-defined as the initial one. 

In the case of the 60 eps applied voltage, normal 
corona is observed. This is in agreement with the 
theory set forth here since, in the a-c case, the d-c 
volume conductivity of the dielectric is not im- 
portant, and the necessary current is of the displace- 
ment type, not requiring transport of charges 
through the dielectric, but only displacement of 
electrons or positive ions in the dielectric itself about 
their equilibrium positions. 

For bare wires in air, with coaxial symmetry, 
pulses on the current vs. time curves are also ob- 
served. These are similar to those observed for the 
polyethylene-insulated wire, except that when the 
voltage the the value 
corresponding to corona formation, corona is ob- 


across cylinders exceeds 
served in the normal sense. Brown (15) reports that 
when a secondary cylinder is introduced between, 
and insulated from, a bare wire and its outer cylinder, 
the direct voltage applied between the wire and outer 
evlinder may exceed many times the predicted 
corona onset value without observing corona in the 
normal sense. This is, in fact, due to a lowering of the 
gradient about the central wire caused by the initial 
breakdown the intermediate 
cylinder (the charge on the cylinder being of the same 


charge residing on 
sign as the polarity of the central wire). 

The pulses observed on the current traces pre- 
sented here that occur at voltage values below crit- 
ical corona onset magnitudes are probably what 
Loeb (3, 13) terms pre-onset streamers and burst 
pulses, due in part below 


io ambient ionization 


avalanche-forming gradients. 
CONCLUSIONS*® 


From the arguments presented in this paper, the 
following conclusions may be drawn: 
(A) There exists no gross discrepancy in either the 


‘It is to be expected that insulators other than poly- 
ethylene should behave in a similar manner under the condi- 
tions described herein, provided they possess comparably 
high values of volume resistivity. No observations were 
made for the wire negative. Since the mechanisms for posi- 
tive and negative corona are considerably different, no con- 
clusions concerning the negative case can be made here. In 
speculation, knowledge of the behavior of polyethylene 


under positive ion bombardment is required. Such informa- 
tion is notably lacking in the available literature. 
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accepted d-c dielectric strength of air, or the Law of 
Corona as applied here. 
(B) The phenomena described at the outset have 
been explained in terms of fundamental processes. 
(C’) The data obtained are in agreement with this 
explanation. 
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APPENDIX I 
The fol!owing data‘ represent direct kilovolts, wire posi- 
tive, at which rupture of the dielectric occurs. No normal 


‘The presented data are extracted from a letter sent to 
Dr. C. F. Miller by Dr. J. I. Dinger of the Naval Research 
Laboratory, Aerology Branch, Mechanics Division, Wash- 
ington, D.C. 
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corona was observed during the measurements whiv } wll 

performed in air under atmospheric conditions. T).¢ yj, ¢ 

is the 0.463-cm (0.182-in.) diameter polyethylene-in-\layahe 

conductor used in the experimental work described in {jie 

paper. % 

Large cylinder (18 in. 1.D., 36 in. long) —During thiol 
tests the voltage was increased from 0 to 240 kv at the py, 
of 100 kv /min, held at 240 kv for 2 min (if breakdown }y 
not yet occurred), and then increased at 100 kv /min yy 

breakdown occurred. 
Breakdown wtons for wire Vo. of samples 

cv 

190 

220 

240 

260 

270 

280 

290 

300 

310 

320 


— Ds Oo 
“— —_— 


Small cylinder (0.68 in. I.D., x 8 in. long).—Rate of rs 
procedure same as that given above for large cylinde: 
Breakdown voltage for wire No. of samples 

kv 

170 
200 
220 
240 


ovr 


«10 
310 
320 
330 


eee eet 


Small cylinder (0.68 in. 1.D. x 8 in. long).— During thes 
tests the voltage was increased from 0 to 240 kv at rate of) 
kv/min, held at 240 kv for 2 min (if breakdown had | 
previously occurred), and then increased at 50 ky: 


hal 





until breakdown occurred. E 
Breakdown voltage for wire No. of samples ¥ 

kv 4 

240 5 ‘ 

260 l z 

id 

275 2 i 

280 1 3 

285 l ‘ 


In addition to the above, a few tests were made wit! 
small cylinder having *;¢ I.D. These tests gave a volta 
scatter at breakdown in the same range as given for thet 
cylinders above. These data seem to indicate that the 
of the cylinder is not much of a factor in the breakd 
voltage. 
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5 INTRODUCTION 
C4 
€. : ; ~ 
g One of the important aspects of color television 
z research is the development of practical and eeonom- 
Sap cal methods for the construction of color television 
kinescopes for picture display. The phosphor screen 
. ° ° 
: » color kinescopes is much more complex than the 
Inde! 


screen in any other type of cathode ray tube. This 
paper describes the preparation of color television 
screens by a novel method using commercially 
available materials and relatively inexpensive 
equipment. 

,EQUIREMENTS 


Phosphor screens for color television tubes consist 
of finely detailed discrete patterns of three different 
color-emitting phosphors. These patterns may be in 


ng thes the form of circular dots or thin lines. On a screen 
ae at measuring 9 in. x 12 in., these dots would have a 
had diameter of about 12 thousandths of an inch. 
m Similarly, a line screen would have lines of about this 
thickness. The location and size of these dots or lines 
must be accurate within a thousandth of an inch over 
Me the entire screen area. A tube employing the shadow 

Z 


Sw mask principle is shown disassembled in Fig. 1. 
The screen for such a tube has a mosaic pattern of 
dots of three different phosphors. Details of the 





pattern are shown in Fig. 2. A short distance from 


» with: i . : 
ol Oe the screen, toward the gun end of the tube, there is a 
voltag . : : 
a i thin, perforated metal mask which is parallel to the 
the z ‘ . . 
the <r lmmecreen and of nearly the same area. For each hole in 
1 Sit ea 
ake ; the mask there is a corresponding trio of phosphor 


dots. Three electron guns are mounted symmetrically 
about the axis of the tube. The guns, mask, and dot- 
ted screen are so positioned that the electron beam 
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Tubes’ 
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ABSTRACT 


A method is described for producing accurately registered, fine-detail patterns of 
color phosphors for use in making screens for color television cathode ray tubes. The 
method is photographie in nature, and the desired phosphor pattern is produced by 
irradiating a thin film of a photosensitive resin material containing dispersed phosphor 
with an appropriate light pattern and developing the pattern by suitable means. 


from each gun, when deflected, is directed through 
the holes in such a way as to strike dots of one color 
only. Thus, by modulating the current in each beam, 
the relative magnitudes of the primary colors emitted 
by the tri-dot element can be adjusted so that the 
desired visual color for that element is produced by 
physical mixture. Satisfactory performance of the 
tube depends upon accurate registration of the 
electron guns, the perforated metal mask, and the 
dotted screen plate. 

Several methods have been proposed for preparing 
such screens, e.g., settling phosphor through masks, 
silk-sereen printing, letterpress printing, and elec- 
trostatic printing. To date, the silk-screen process is 
the only published method (1) which has been 
successfully applied to color-screen preparation. The 
photobinder process, which will be described in this 
paper, has also been used successfully to prepare 
screens for the shadow-mask tricolor kinescope. The 
method is photographic in nature, and the perfo- 
rated shadow mask of the tube itself, or a photo- 
graphic reproduction of the mask, is used as the 
master pattern. 

In the photobinder process, a photosensitive 
resin binder is blended into a paste with one of the 
color-emitting phosphors. The paste is applied to the 
glass screen plate in a thin film by knife coating or 
other suitable means. Light from a suitable small- 
area source is allowed to pass through the openings 
of the master pattern in an exposure device, exposing 
portions of the film. The exposure device is posi- 
tioned in such a way that the exposed portion of the 
film will constitute the desired dot pattern for the 
particular phosphor being used. Then the unexposed, 
and hence unfixed, areas are washed away by a sol- 
vent. The entire process is then repeated for each of 
the phosphors to be applied. When the dot patterns 
for all three colors have been obtained, the light-fixed 
photosensitive binder is removed by baking at 400°C, 
and a permanent silicate binder is applied by spray- 
ing. 
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Fig. 1. Exploded view of shadow mask color kinescope 
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Fic. 2. Portion of tricolor phosphor screen with one-dot, 


two-dot, and three-dot patterns, showing successive stages 
of mosaic dot pattern, natural size, and enlarged. 


Resist Materials 


The use of photosensitive resist materials is well 
known, especially in the field of graphic arts. Photo- 
graphically fixed gelatin-type materials are used to 
prepare halftone and line reproductions for press 
printing. Photo stencils, which are used extensively 
in silk-screen printing, and photo-offset printing are 
also based on the use of photographically set mate- 
rials of various types. 
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It was proposed at these laboratories to use sy 
resist materials directly on the glass screen plats 
either as a contact stencil or, if a suitable mater; 
could be found, as a photosensitive temporary bind. 
for the phosphor, permitting direct photograp) 
reproduction of the dot pattern on the glass scree 
plate. The method which was most promising, q 
which has been successfully developed, is the oy 
using the photosensitive material as a tempora 
binder for the phosphor. 

The criteria for a suitable photosensitive vehic 
are: (a) adequate photosensitivity; (b) noninters 
tion with the phosphor materials; (c) suitable y\ 
cosity and other rheological properties to give stab 
dispersions of phosphor; (d) ease of incorporatiy 
into a practical coating system; (e) absence 
interfering residue. 

Several photosensitive materials were tested a 
one is being used successfully to prepare co 
screens. The materials tested were: (a) gelai 
(photographic); (b) polyvinyl! alcohol; (c) polyvin 
acetate; (d) Kodak Photosensitive Lacquer 
experimental material manufactured by Eastm:; 
Kodak and available on special order). 

A number of other materials exhibit the pho 
chemical sensitivity required, but the investigati 
was limited to the materials readily available. It ) 
possible that additional research will lead to bette 
and more effective systems. The material which wa 
successfully used was Kodak Photosensitive Lacqu 
(KPL). All of the materials investigated wer 

















suitable in every respect except for the requirement: 
that the material should leave no interfering residw 
and have no effect on the phosphor or tube li 
However, a residue develops with all of the materia’ 
other than KPL, since the required sensitization \ 
effected by use of ammonium, potassium, or sodiun 
dichromate, any one of which leaves a chrom 
oxide residue on ignition. In addition, these materia: 
themselves leave a residue after firing at 400° -500' 

Additional research is required on gelatin and th 
polyvinyl resins to find new sensitizers and to obtait 
high purity materials and thus make them usefl 
systems. In contrast, the Kodak material has ‘ 
volatile sensitizer incorporated, leaves no residut 
after bakeout at 400°C or lower, and has all the 
other required characteristics. KPL and _ polyviny! 
acetate require an organic solvent such as trichlore 
ethylene or a ketone for the process, whereas the 
others are water soluble. 

A solution of KPL, which was 30 % solids by weight. 
was used to make up the phosphor pastes. The 
composition of the paste was approximately 29 
KPL (dry), 25% phosphor, and 50% solvent. Afte 
preliminary stirring, this mixture was blended °! a 
passing through a three-roll ink mill. The vir vost! 
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resulting paste ranged from 1000-5000 centi- 
depending on the particular phosphor, and the 


po : oe . 
{fered no problems in knife coating. 


pa ; P 

; phosphors employed were Sylvania # 160 
rec (gine orthosilicate), #150 red (zine phos- 
phat and #170 blue (calcium magnesium sili- 
cal 


Coating Process 


The photosensitive resist materials which were 
ysed in this investigation are relatively unaffected 
by ordinary room illumination. Nevertheless, to 
avoid complications, all steps of the procedure 
through the development of the exposed pattern were 
carried out in darkened rooms under red safelight. 

In the investigation of coating problems, a thin 
film of the phosphor paste made from one of the 
various photoresists was applied to a glass plate with 
one of the various types of knife coaters, and the 
coated plate was then allowed to dry in air. A Bradley 
blade was employed for some of the test work. To 
meet the requirements of television tube face plates, 
a special knife-coating fixture was designed for coat- 
ing flat glass panels with curved outlines. The device, 
which is illustrated in Fig. 3, features a sliding flat 
plate with a concave curved end. With the coating 
blade resting on this plate, the knife coater is filled 
with the phosphor paste. As the blade slides toward 
the sereen plate, the concave edge of the sliding plate 
meets the convex edge of the screen plate and is 
held there while the blade continues across the screen 
plate. This makes it possible to do the complete 
coating operation with a single stroke. 

The knife-coating process occasionally resulted in 
nonuniform coating weights over large areas. This 
was traced to variations in glass flatness. To over- 
come this, a spray coating system is now under 
investigation that should produce more satisfactory 
coatings. The spray coating method uses a traversing 





















Fic. 3. Knife coater in use 
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MECHANISM 


Fic. 4. Spray coating device 


spray mechanism with a wide-angle spray gun and a 
pressurized can. As shown in Fig. 4, the fan-shaped 
spray is aligned across the panel, and the traverse 
moves the gun along at right angles to the alignment 
of the fan spray. By control of the can pressure and 
feed rate, a relatively uniform film can be attained. 


Exposure and Development 


Several different methods of exposure were em- 
ployed. In the first, the panel was exposed with the 
emulsion side in contact with a negative of the 
required pattern. In the second, the panel was 
exposed from the emulsion side by point-light shadow 
projection, an optical analogy to the situation in the 
shadow-mask tube. In the third, the panel was 
exposed from the glass side by point-light shadow 
projection (see Fig. 5). This method gave the best 
over-all results because good adherence of film to 
glass resulted from the exposure at the glass-emulsion 
interface. In addition, the dot size was photograph- 
ically reproduced. This was not the case in either 
method of emulsion-side exposure, probably because 
of light scattering in the emulsion. 

Exposure from the glass side introduces a slight 
uncorrectable displacement in the pattern produced 
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Fig. 5. Exposure arrangement in photobinder process 
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Fig. 6. Refractive error in shadow projection through 
glass. Curve A—compensated to zero at edge; curve B 


compensated for minimum deviation 


by the refraction in the glass. The magnitude of this 
displacement can be calculated. Fig. 6 gives the 
location error vs. distance from the center of the 
screen for a particular setting of the exposure device. 
The maximum error can be reduced to a value which 
is negligible by suitable design of the geometry of the 
exposure device. In the present case, the maximum 
error in dot 


0.0003 — in. 


location due to refraction is less than 


The apparatus actually employed is shown in 
big. 7. It consists of a vertical optical bench with a 
precision milling machine table attached to the base. 


The light source is a Sylvania 300-watt zirconium, 


Fic. 7. Optical bench for point shadow projection 
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enclosed, concentrated arc lamp. This lamp |} is , 
crater 0.116 in. in diameter. A crater of this si, 
produces shadowed dots of adequate size t. }y 
covered by the electron beam in the tube. The muste; 
pattern can be either the aperture mask or a photo 
graphic reproduction of it. The coating, exposure 
and developing are carried out with the scree 
panel and aperture mask clamped together in such ; 





way that the outside of the screen plate faces tly 





side of the aperture mask which faces the guns in thy 
finished tube. To position the dots for the differen; 






colors, the milling table is used to move the apertun 







mask and screen assembly relative to the are lamp 





The distance traversed by the milling table in this 





operation is about 0.3 in. and is measured to th 





nearest thousandth. 






The distance from the arc lamp to the maste: 





aperture mask) is calculated from the desired patten 





size, using the known spacing between the scree 





plate and the aperture mask and the thickness and 





refractive index of the screen panel. The refractiv: 





effects taking place at the glass-air interface ent 





into this calculation. When the spacings used an 





essentially those to be used in the color tube, th 





uncorrectable deviation due to refraction is less tha 
0.0003 in. (see Fig. 6). 
The exposure time for each batch of each col 






























phosphor is determined by a step exposure The 
emulsion is exposed for the appropriate length of tim: 
and the film is developed by washing away the w 
exposed areas with a suitable solvent (trichlor 
ethylene). The washing was done in several ways 
including a condensing vapor type solvent was! 
immersion in solvent, and a flush spray; the last 
found most effective. The panel is recoated, th 
table is indexed to the position for the second set | 
dots, and the exposure is repeated for a time appr 
priate for the second phosphor. The procedure 
repeated for the third phosphor. 

After all three sets of dots have been developed 
the photosensitive binder is removed by baking th 


plate at 400°C for several hours. The phospho 











TABLE I Color 


phosphor Ni 


and 
















brightness measurements for 


160 (zine orthosilicate) 





Color* 





Relative bright 


le 
Binder ontrol 






ness, “> of « 








Control 100 


Kodak Photosensitive 
Lacquer OH 0.260 0.725 
Polyvinyl! alcohol 39 0.262 0.720 


Gelatin 


* Chromaticity values, based upon the color measure 
ment system of the International Commission on Illumu! 
tion. 
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depo it is very fragile at this point and the screen 
is spayed with a 14% solution of potassium silicate, 
ysine an air brush, to form a permanent binder. The 
subsequent operations are: (a) floating on a lacquer 
film. (6) aluminizing by high vacuum evaporation; 
¢) baking out laequer film. These operations have 
heer, summarized elsewhere in the literature (2). 


Luminescence of Experimental Screens 


Three sets of panels were prepared with the green 
phosphor (zine orthosilicate), using Kodak Photo- 
sensitive Lacquer, polyvinyl alcohol, and gelatin, 
respectively, as binders. The luminescent output and 
color of the KPL sample were not significantly 
diferent from the control, a liquid-settled panel. 
However, the efficiency of the polyvinyl alcohol and 
gelatin panels were markedly reduced, being, re- 
spectively, 39% and 9% that of the control; the 
color of the gelatin panel was also changed as shown 
by the chromaticity values. These results are sum- 
marized in Table I. 

Test runs on full-size color screens showed that the 
KPL sereens can give uniform screens with brightness 
comparable to screens prepared by the silk-screen 
method. Registration of the several sets of dots was 
excellent, and the reproduction of the dot size and 
location was photographic within measureable limits. 
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CONCLUSION 


The photobinder technique for the preparation of 
mosaic phosphor patterns for color kinescopes offers 
considerable promise. By its nature, it is more precise 
than the silk-sereen method, and it may be useful in 
overcoming the lack of interchangeability of units in 
the matching tube members, particularly in the case 
of the aperture mask of the shadow-mask tube. 

The technique is applicable to the production of 
other mosaic surfaces in tubes, e.g., memory tubes, 
where precisely registered and accurately sized 
areas of sensitive materials are required. 
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Electrolytic Reduction of Benzoic, Phenylacetic, and Cin- 
namic Acids and Esters at a Platinized-Platinum Cathode’ 


Suinicut Ono, Tapao HayAsui, AND JyuNicHI NAKAYA 
Department of Chemistry, Naniwa University, Osaka, Japan 


ABSTRACT 


A study has been made of the electrolytic reduction of certain aromatic carboxylic 
acids and esters at a platinized-platinum cathode (Pt-pt) in alcoholic sulfuric acid so 


It was found that the reduction at a Pt-pt cathode was quite different from that pur 
sued at a lead or a mercury cathode. At a Pt-pt cathode, the reduction of benzoic, phenyl- 
acetic, and cinnamic acids and esters gave rise to cyclohexyl compounds. In no case was 


the carboxyl group reduced. 


A special study of the electrolysis at a Pt-pt cathode under elevated pressure was 


INTRODUCTION 

Numerous studies have been made of electrolytic 
reduction of benzoic (1), phenylacetic (2), and cin- 
namic (3) acids, using high hydrogen overvoltage 
cathodes, such as Pb, Cd, Hg, and Hg-Zn cathodes, 
but no attempt has been made to determine the effect 
of platinized-platinum cathode (Pt-pt) on them, 
except in the case of cinnamic acid (4). 

This has now been done. It has been found that 
the reduction of these acids at a Pt-pt cathode in 
alcoholic sulfuric acid solution gave rise to cyclo- 
hexyl compounds, but no alcohols. The esters also 
gave the corresponding cyclohexyl compounds. 

Earlier work showed that the reduction of benzoic- 
(1) and phenylacetic- (2) acids at a Pb cathode gave 
benzyl- and phenylethyl-alcohols, respectively. Cin- 
namic acid at a Hg or a Pb cathode produced bi- 
molecular compounds as well as phenylpropionic 
acid, but no phenylpropy! alcohol. With cinnamic 
acid it has now been found that the reduction of the 
double bond took place first, and then that of the 
benzene ring. The carbonyl groups in these com- 
pounds were quite resistant to the catalytic action of 
a Pt-pt cathode. It is also of interest that the inter- 
position of a CH, or a CH.,CH, linkage between 
phenyl- and carboxyl- groups has no essential influ- 
ence on the course of reduction. 

Differences in the electrolytic reduction using Pb 
and Pt-pt cathode are summarized in Table I. 

It is apparent that the course of the reduction at a 
Pt-pt cathode contrasts sharply with that pursued 
at a Pb or a Hg cathode. The characteristic proper- 
ties of the Pt-pt cathode have been mentioned by 
several authors as follows. 


‘Manuscript received January 7, 


1952. This paper was 
prepared for delivery before the Detroit Meeting, October 
9 to 12, 1951. 





made. The results confirm the catalytic nature of the process. 


Fichter and Stocker (5) and also Bancroft an/ 
George (6) observed the formation of cyclohexanol }) 
the electrolytic hydrogenation of phenol using ; 
Pt-pt cathode, and it was stated that a Pt-pt cathod 
had a specific effect on the hydrogenation of phen 
Sitaraman (7) found that the 3-isomeric cresols gay 
the corresponding methyleyclohexanols and methy 
cyclohexanones. 

Wilson (8) suggested that there were close anal 
gies between the prepared cathodes of Pt or Ni and 
catalytic hydrogenation in the reduction of sor! 
acid and beta-vinylacrylic acid. Thus the reductio 
of sorbic acid at a Pt-pt cathode gave consideral 
amounts of 2-hexenoic acid and the fully saturated 
hexoic acid, whereas Hg or Pb cathode produced 
only a mixture of 3- and 4-hexenoic acid. This author 
pointed out that catalytic hydrogenation must pr 
ceed through electrically neutral intermediates 
whereas electrolytic reduction may or may not, sine 
it proceeds only in ionizing media. Much mon 
important must be the condition of the hydrogen o 
the surface of the Pt-pt cathode. 

In the present experiments, judging from the fac! 
that (a) benzene rings were hydrogenated ind 
pendently of the distance from the carboxy] group 
and (b) both benzene rings in pheny) and benz) 
esters were hydrogenated at the same time, it can 
said that the reduction at a Pt-pt cathode take 
place independently of the proton affinity of parts 0! 
the molecules. It is probable, therefore, that th 
reduction, under these conditions, involves th 
combination of an active center of the organ 
molecules with a chemisorbed hydrogen atom, | 
the manner envisaged by Horiuti (9). 

Little attention has been paid in the past to th 
effect of external pressure on electrolytic reduction 0! 
organic compounds. Ipatiev, ef al. (10) measure: thi 
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TABLE lI. Effect of cathode on reduction of various groups 
ya O oO 
(7 - J Y CH 
Group | c—C Cc C 
N ¥ \ ’ , 
“ OH O—(Ar. 
—_— Cathode 
a athode Pb Pt-pt Pb Pt-pt Pb Pt-pt Pb Pt-pt Ph Pt-pt 
mpound esta 
- + 4. Ms 
COOH 
- a ad = 
CH,-COOH 
y - + an ms 
7 CH=CH-COOH 2 + +1 
wa — + sti ais 
CH.-COOC.H,; 
COO—CH, f . +1 4 ig 3 L 
4 
+ 4 + “s — ” alk j 
CH=CH-COO-CH, G r2 v1 
A 4 
Note and indicate reducibility and nonreducibility, respectively; +; and +, give the order in which the groups are 
reduced 


overvoltage on the Pt-pt in acid and alkaline solu- 
tions under pressures up to 100 atm. They observed 


that the potential of the cell increased with pressure. 


\ssuming that the reduction at a Pt-pt cathode 
consists mainly in a catalytic mechanism, there could 
be a correlation between the reduction products and 
the external pressure. Since no data are available, the 
present series of experiments was designed. 


e.XPERIMENTAL 
Vaterials.—Benzoie and phenylacetic acids (C. P. 
products) were purified by recrystallization. Cin- 
namic acid and esters were prepared by standard 


methods. The mp or bp of samples was as follows: 


Acid Ethyl ester —— Benzy| ester 
Be 122 87-8/10mm_~—s 71_~—Os«145-7/5 mm 
P| wetic 76 | 124-5/18 mm 42 1724/12 mm 
Ci 1c 132 144-5/16 mm 72 195-8/5 mm 


75, 50, 
40, and 28% of sulfuric acid to which ethyl alcohol 
had been added. A sheet lead anode was used. The 


Reduction technique——The catholyte was 


platinized-platinum cathode was prepared as follows. 
A platinum (100 cm*) cylinder of gauze or sheet was 
platinized by electrolysis of platinic chloride solution 
(3 grams of platinic chloride in 100 ml of distilled 
water and 0.03 gram of lead acetate added). 

The usual type of electrolytic cell was used. The 
porous cup (17 em x 4.6 em, Japan Chemical Ce- 
ramic Company, permeability, 3.94 K 10~ 
porosity, 57.31) was used as a cathode compartment, 
and the cell was immersed in a water bath to main- 


cm, sec, 


tain the desired temperature. The samples were 
sulfuric 
placed in the cathode chamber. Sulfuric acid was 


dissolved in alcoholic acid solution and 
used as an anolyte. Current density was varied 
between 0.5 and 6.5 amp/dm’. 

In the case of reduction under high pressure, the 


electrolytic cell was placed in an autoclave especially 














LOG 


designed for this purpose (Fig. 1) and hydrogen was 
allowed to enter to a little more than the desired 
pressure. The valve between the tank and bomb was 
then closed and current was switched on. 

When 
the reduction was completed, the catholyte was 
diluted with water and extracted with ether. The 
ether extracts were collected, washed with water, and 
dried over anhydrous sodium sulfate. The ether was 


[solation and characterization of products. 
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evaporated and the residue was distilled wn& 
diminished pressure The fractions obtained wey 
characterized and weighed. The physical propertia 






of cyclohexyl compounds obtained are showy | 


Table II. 






Typical Experiments 






(a) Phenylacetic acid.—13.5 grams (0.1 mole) 9 





: ' : m 
phenylacetic acid was dissolved in 40 ml of eth” 





alcohol and 40 ml of sulfuric acid (50%) and place 





in the cathode chamber. Sulfuric acid (30%) wy 
used as an anolyte. A current of 2.0 amp was passe 






for 14 hr (theoretical for 13.6 grams phenylace 





acid, 16.1 amp hr). The temperature was kept | 
tween 25°-30°C. 


When the reduction was completed, the catholyy 





was diluted with 50 ml of water and extracted wit! 
ether. The ether extracts were washed with water a 
dried over anhydrous sodium sulfate. After evapora 
ing the ether, the residue was distilled under dimi 
ished pressure giving two fractions: (f;) 65°-80°) 








“ABL 
C; : 
”) ml 





it 


» bh 


YPt-pt 





mm Hg (10.2 grams) and (f,) 114°-119°/6 mm Hz fal: 5 
Redistillation of (f/:) gave ethyl cyclohexylacetae Bb (| 
bp 68°-70°/6 mm Hg, DY = 0.9475, np = 1 AdT hee 









TABLE II. Physical constants of reduction products 


M.P B.P 25 


Compound ( C/mm Hg D of 





C,H,,COOH 29 






C.HnCH.COOH 33 
C,H, CH.CH, 

COOH 16 132-3/9 0.9966 1. 465s 
C,H, COOC,H, 8O.5-S81.5/11) 0.9525 1.4308 
C.H,,CH.COOC.H, 68-70/6 O.9475 14472 . 
C,H, CH.CH, 

COOC.H, 92-94/8 0.9674" — 1.448." 
C,H, COOC,H,, 60-62/7 | 0.9517 1.4395 
C,H), CH.CH, 
















COOC FHy, 72-75/6 0.9741 1.4700 
C,.H,,CH.-COOCH, 
CoH; 70-73/8 0.9765 1.4511 





* at 20°C. 





TABLE IIL. Effect of current density—(a) ethyl ben 

Catholyte: ethyl benzoate, 10 g; ethanol, 3) ml; © 
30°C: 
Pt-pt, gauze, (100 cm?) 








sulfuric acid 30 ml; temp: 25 quantity of eur 


16 amp hr; cathode 






— Current density \ ieldt an 
amp/dm J 
1 O.8 78.8 §2.8 
2  . 78.0 §2.2 
3 2.0 60.5 10.5 
} 3.0 65.3 3.7 
5° 1.0 74.0 19.5 
6* 6.0 74.0 5 
+ Ethyl hexahydrobenzoate. * Temp: 35°-40°C. Yu 





is calculated on consumed depolarizer. Current effier ney © 





the percentage of current used in producing the p vd 
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nd f;) Was distilled again under diminished pres- 
ure giving bp 117°-119°/6 mm Hg, mp 30°C, 
dentified as cyclohexylacetic acid. 

(), Ethyl benzoate (under pressure).—Ten grams 
ABLE IV. Effect of current density—(b) ethyl phenylacetate 
Catholyte: ethyl 10 grams; ethanol, 
4) ml; 75% sulfuric acid, 30 ml; quantity of current: 16 
30°C; cathode: 


phenylacetate, 


mp hr (theory 9.8 amp hr); temp: 25 
Pi-pt, gauze (100 em?) 


Run No. — vent dictency 
l 0.5 76.0 16.6 
2 1.0 56.58 34.8 
3 2.0 56.8 34.8 
{ 3.5 63.6 39.0 
§* 5.0 63.6 39.0 
6* 6.5 66.5 10.7 


t Ethyl cyelohexylacetate. * Temp: 40°-45°C 
TABLE V. Effect of current density 

Catholyte 
ml; 0% sulfuric acid, 40 ml; quantity of current: 28 amp 
35°C; cathode, Pt-pt, 


(c) phenylacetic acid 
phenylacetic acid, 13.6 grams; ethanol, 40 


hr (theory 16.1 amp hr); temp: 30 
sheet (100 em?) 


Current 


| 1.0 76.5 44.0 
2 2.0 80.2 16.1 
3 3.0 74.6 $2.9 
.” 1.0 41.8 14.6 
5* 5.0 75.5 13.4 


tT Cy clohexy lacet 
1 -45°C, 


acid and its ethyl ester. * Temp: 


TABLE VI. Effect of acid concentration 


Catholyte: compound, 0.1 mole; ethanol, 40 ml; sulfuric 


acid, 40 ml; temp: 30 


REDUCTION OF ACIDS AND ESTERS 


107 


(0.67 mole) of ethyl benzoate was dissolved in 50 
ml of ethyl aleohol and 30 ml sulfurie acid (75%) 
and placed in the cathode chamber. Sulfuric acid 
(50%) was used as an anolyte. The electrolytic cell 
was placed in the autoclave and hydrogen was 
admitted to 20 atm pressure. The reduction was 
carried out at a current density of 1.2 amp/cm? for 
16 amp hr (theoretical for 10 grams ethyl benzoate, 
10.7 amp hr). 

During reduction, the temperature in the cell was 
uncontrolled, but a maximum thermometer inserted 
in the catholyte showed that this had not been 
higher than 25°C. 

The catholyte was diluted with water, neutralized 
with sodium carbonate, and extracted with ether. 
The ether was evaporated and the residual solution 
was distilled under diminished pressure. The fraction 
bp 78°-82°/11 mm Hg was collected. Redistillation 
gave bp 80.5°-81.5°/11 mm Hg, D? = 0.9525, n” = 
1.4398. Saponification with 20% alcoholic potassium 
hydroxide gave a hexahydrobenzoic acid, mp 28°C. 
Cin- 
sulfuric acid and 
alcohol solution was electrolyzed with 6.0 amp hr of 


(c) Cinnamic acid to hydrocinnamic acid. 
namic acid (7.5 grams) in 75% 
current (theoretical for 7.5 grams of cinnamic acid, 
2.7 amp hr) and gave (f;) 3.5 grams, bp 140°-54°/10 
mm Hg, mp 48°C, (f2) 1.5 grams, bp 159°-#4°, 10 
mm Hg, mp 85°C, and (f;) 1.3 grams, unchanged 
cinnamic acid. The (/;) was recrystallized from lig- 
roin, mp 49°C, identified as hydrocinnamic acid. It 
was shown that (f.) was a mixture of hydrocinnamic 
and cinnamic acids. 


(d) Cinnamic acid to cyclohexylpropionic acid.— 


(a) benzoic, phenylacetic, and cinnamic acids 


35°C; cathode: Pt-pt, sheet, (100 cm?) 


Product* 


Ban Me Compound HeSO, Current density Yield Current efficiency 
| (g ' (amp/dm? fi he % ' 
(g x 
= | : 

] Benzoic 28 1.0 5.0 4.4 66.0 53.1 
| (12.3) 

2 Benzoic 75 1.0 8.1 1.8 66.0 53.1 
(12.3) 

J Phenylacetic 28 2.0 6.0 6.0 77.5 14.6 
(13.6) 

4 Phenylacetic 5O 2.0 9.5 3.0 77.5 14.6 
(13.6) 

5 Phenylacetic 75 2.0 10.5 1.5 72.5 41.7 
(13.6) 

6 Cinnamic 28 3.0 4.0 6.0 60.0 42.8 
(14.8) 

i Cinnamic 40 3.0 6.8 6.0 76.0 54.2 
(14.8) 

5 Cinnamic 75 3.0 11.4 2.2 76.5 54.6 
(14.8) 


the 21.4 amp hr). 


tity of current: Run No. 1-2, 20 amp hr (theory 16.1 amp hr) 3-5, 28 


amp hr (theory 16.1 amp hr) 6-8, 30 amp hr 


lucts: f;, ethyl esters of cyclohexyl! acids; f., cyclohexyl acids. 
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Cinnamic acid (7.5 grams) in 75% sulfuric acid and 
alcohol solution was reduced at 3.0 amp/dm? for 5 
hr (theoretical for 7.5 grams cinnamic acid, 10.8 
amp hr) and gave (a) bp 91°-94°/8 mm Hg, 5.7 grams, 
and (6) bp 124°-6°/8 mm Hg, 1.0 grams. The fraction 


TABLE VII. Effect of acid concentration—(b) ethyl benzoate 


Catholyte: ethyl benzoate, 10 grams; ethanol, 50 ml; 
sulfuric acid, 30 ml; temp: 40°-45°C; quantity of current, 
16 amp hr (theory 10.7 amp hr); cathode: Pt-pt, gauze, 
(100 em* 

—_— H.SO, Current Current 


density efficiency 
amp/dm? ‘ 


39.3 
13.1 
13.7 
13.1 


tw Ww bw bo 


* Ethyl hexahvdrobenzoate 


TABLE VIII. Effect of temperature—(a) ethyl benzoate 


Catholyte: ethyl benzoate, 10 grams; ethanol, 50 ml; 
75% sulfuric acid, 30 ml; quantity of current: 16 amp hr 


(theory 10.7 amp hr); cathode: Pt-pt, gauze, (100 em?) 
Run Temp Current Vield* Current 


No density efficiency 
' amp/dm? y 


4 36.6 
t. 49.5 
t 50.8 
2 
2 


29.0 
40.5 


* Ethyl hexahvdrobenzoate. 


TABLE IX. Effect of temperature—(b) phenyl benzoate 


Catholyte: phenyl benzoate, 10 grams; ethanol, 70 ml; 
75% sulfurie acid, 30 ml; quantity of current: 20 amp hr 
(theory 16.2 amp hr); cathode: Pt-pt, gauze, (100 em’) 

Current Yield* Current 


density efficiency 
amp/dm? ‘ 


19.8 16.0 
24.6 19.9 
34.0 27.5 


* Cyclohexy! hexahydrobenzoate 


TABLE X. Effect of duration of reduction of ethyl benzoate 


Catholyte: ethyl benzoate, 10 grams; ethanol, 50 ml: 
75% sulfuric acid, 30 ml; current density: 4.0 amp/dm’; 
temp: 30°-35°C ; theoretical amount of current: 10.7 amp hr 


Duration of run Vield* Current 
or \ efficiency 


amp hr 


16.0 74.0 
20.0 
24.0 
50.0 


* Ethyl hexahydrobenzoate. 


Februar 195i 
(a), D*? = 0.9674, and no = 1.4488, was ide tified 
as ethyl cyclohexylpropionate. 

(e) Phenyl cinnamate.—Phenyl cinnamate (1)9 
grams) in 75% sulfuric acid (30 ml) and aleohd 
(50 ml) was electrolyzed at a current density of 1g 
amp/dm? for 20 hr (theoretical for 11.2 grains 
phenyl cinnamate, 16 amp hr) at 25°-30°C. Th 


TABLE XI. Effect of pressure—(a) ethyl benzoate 
Catholyte: ethyl benzoate, 10 grams; ethanol, 50 pm} 
75% sulfuric acid, 30 ml; quantity of current: 16 amp he 
(theory, 10.7 amp hr); cathode: Pt-pt, gauze, (100 em} 
: Current ba 
Run No Pressure density emp Y ield 


atm * 
amp/dm*) 


org 


ok KS Ww = 
o 


mo 


_ 
~ 


i 
Prete bw we & 
ur . 


x 
- 


20 (CO. 
40 (CO) 


So 


* Ethvl hexahvdrobenzoate. 


TABLE XII. Effect of pressure—(b) phenylacetic acid 
Catholyte: phenylacetic acid, 13.6 grams; ethanol, 4 
ml; 50% sulfuric acid, 40 ml; quantity of current: 28 amy 
hr (theory 16.1 amp hr); temp: 40°-45°C; cathode: Pt-pt 


9 
sheet, (100 em?*) 

Pressure of Current Current 

hydrogen density 

atm amp/dm? 


— y ield® 


efficiency 


5.0 §.! 43.4 
2.0 } 13.4 
14.3 
13.4 
15.0 
403 


* Cyclohexylacetic acid 


TABLE XIU. Effect of pressure \c) cinnamic act 


Catholyte: cinnamic acid, 7.5 grams; ethanol, 60 m 
sulfurie acid, 20 ml; temp: 25°-35°C; quantity of curren! 
15 amp hr (theory 10.8 amp hr); cathode: Pt-pt, shee! 
(100 em? 

Pressure of Current 


hydrogen density 
itm amp/dm? 


Run No. y ield® 
3.0 60.: 
3.0 62. 
3.0 60.: 
5.0 74.! 
5.0 74.5 

6 5.0 70.5 


Note: Concentration of sulfurie acid: Run 
28%; Run No. 4-6, 40%. 
* Cyclohexylpropionic acid. 





